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Abstract 
 
In this study, the growth and behaviour of chemolithotrophic organisms in the 
presence of both ferrous and tetrathionate ions was investigated.  Given the impact 
of chemolithotrophic metabolic activity upon the chemistry and leaching of 
mineral sulfide systems, investigations were conducted to determine the effects of 
solution variables on substrate utilisation.  
 
A set of eight organisms, capable of oxidising ferrous ions or reduced sulfur 
compounds, were adapted to ferrous or tetrathionate ions.  These cell lines were 
cultured in media containing 2.5 mM of tetrathionate, with either high or low 
concentrations of ferrous ions present.  Sb.xthermosulfidooxidans  and 
M. hakonensis  grew in a diauxic growth pattern utilising ferrous ions 
preferentially, irrespective of adaptive history or ferrous concentration.  
At. ferrooxidans, Sb. acidophilus, Sb.xsibiricus, Sb. thermotolerans, A.xbrierleyi 
and S. metallicus exhibited simultaneous substrate utilisation and a single phase of 
growth under at least one of the four conditions tested.  Preferential utilisation of 
tetrathionate was not observed under any of the four conditions tested.  Planktonic 
cell numbers were not consistently proportional to the total quantity of the 
reduced substrate(s) oxidised. 
 
Reduced sulfur species were detected during batch culture growth of At. caldus 
on tetrathionate.  Formation of elemental sulfur, thiosulfate, sulfite, penta- and 
hexathionate were consistent with the enzymatic hydrolysis of tetrathionate and 
subsequent chemical reactions.  Growth yields were comparatively low with an                                                                                                               
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average value of 3.53 g(dry wt.) mol(S4O6)
-1.  However, a significant quantity of 
reduced organic material was detected dissolved in solution.  Yield data obtained 
from this study was compared with other reports and analysed using a 
thermodynamic framework derived from studies of heterotrophic growth.  This 
analysis indicated that the conserved substrate had a sulfur(IV) atom oxidised to 
sulfur(VI).   
 
The addition of nitrate significantly modified substrate oxidation patterns in a 
growth medium containing ferrous and tetrathionate ions.  Ferrous ion oxidation 
processes were inhibited to a greater extent than tetrathionate utilisation.  
Tetrathionate-adapted cultures of Sb. acidophilus and Sb. sibiricus demonstrated 
preferential oxidation of tetrathionate at nitrate concentrations of 20–40  mM.  
Iron-adapted cultures of M.xhakonensis preferentially oxidised ferrous ions in the 
presence of nitrate at all concentrations where growth was observed.  Responses 
of other test species varied, depending on the nitrate concentration and adaptive 
history of the organism. 
 
Nitrate was added to control the redox potential of the solution in cultures 
bioleaching chalcopyrite.  Redox potentials were not controlled at 30 and 45 °C.  
Copper extraction was equal to, or less than that seen in cultures without nitrate 
present.  The addition of nitrate to cultures at 60 °C maintained the redox potential 
between 430–460 mV (Ag/AgCl).  Copper extraction in these systems was 
increased compared with cultures where nitrate was absent. 
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Chapter 1 Introduction and literature review  
Base metals such as copper, nickel and zinc have numerous applications in 
modern infrastructure and technology, ranging from materials manufacture to 
electronic components.  The demand for base metals worldwide is increasing as 
developing nations industrialise and populations grow (Kelly and Matos 2010a, 
Kelly and Matos 2010b, United Nations 2011, Rankin 2011).  In contrast, average 
grades of base metal deposits are diminishing as high grade deposits are exhausted 
(Mudd 2007,  Rankin 2011).  Significant sources of base metals are sulfidic 
minerals, which may be processed using pyrometallurgical or hydrometallurgical 
techniques.  The choice of processing route depends upon a number of factors, 
including the ore mineralogy and target metal for recovery.  
 
1.1  Base metal extraction  
 
Pyrometallurgy involves crushing the ore into a fine pulp which is concentrated 
by flotation (Rankin 2011).  The concentrate is smelted and electrolytically 
refined, achieving a high purity cathode (Habashi 1986).  The smelting and 
refining processes have environmental concerns associated with them.  These 
include the production of dust, which can contain toxic impurities and generation 
of large quantities of sulfur dioxide during smelting (Habashi 1986, Rankin 2011, 
Ray and Ghosh 1991).  A distinct disadvantage of pyrometallurgy is the need for a 
suitably high grade ore to concentrate. 
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Hydrometallurgy involves the use of aqueous reagents to leach metals from 
ores or concentrates.  Sulfuric acid is commonly used to solubilise metals, 
although hydrochloric and nitric acid solutions have been proposed as alternatives 
(Bjorling et al. 1976, Dutrizac 1981).  Once target metals are solubilised they are 
concentrated, typically by ion exchange or solvent extraction, and undergo 
electrowinning to produce a high purity cathode (Ray and Ghosh 1991).  A key 
advantage of hydrometallurgical processing techniques is that they can be applied 
to low grade ores economically (Ray and Ghosh 1991, Rankin 2011). 
 
Depending upon the target metal(s) for recovery and associated costs, leaching 
may  take place in a highly controlled system, such as tank leaching, or a 
comparatively poorly controlled system such as heap leaching.  In tank leaching 
variables such as temperature, redox potential and pH are maintained at optimal 
levels (Bodsworth 1994).  During heap leaching acid is irrigated onto the heap at a 
set pH, but temperature and pH differentials will be present within the heap as 
acid is consumed and gangue minerals are leached (Watling 2006). 
 
1.2  Mechanisms of mineral sulfide dissolution 
 
The dissolution of mineral sulfides is hypothesised to proceed through two 
different mechanisms (Schippers et al. 1996, Schippers and Sand 1999).  These 
are characterised by ferric ion (Fe
3+) oxidation, or proton (H
+) mediated 
dissolution of the mineral matrix.  When ferric ion oxidation is the dominate route 
of mineral dissolution, intermediates and products are characterised by the                                                                                                               
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'thiosulfate mechanism'.  Mineral sulfides which undergo dissolution primarily by 
proton attack have intermediates and products characterised by the 'polysulfide 
mechanism'.  The total rate of dissolution for a given mineral sulfide will 
represent the contributions of both mechanisms.  
 
1.2.1  Thiosulfate mechanism - ferric mediated dissolution 
 
Pyrite (FeS2),  molybdenite (MoS2) and tungstenite (WS2) are examples of 
mineral sulfides that undergo dissolution via the thiosulfate mechanism.  This 
mechanism, named after its first sulfur intermediate, relies upon the action of 
ferric ions to break the bond between the sulfur and metal atoms (Moses et al. 
1987).  During this process ferric ions are reduced to ferrous ions (Fe
2+) and 
thiosulfate (S2O3
2-) is generated (Equation 1.1).  Thiosulfate will decompose 
under acidic conditions, forming significant quantities of tetrathionate and 
pentathionate (Schippers and Sand 1999).  Ultimately these sulfur species are 
oxidised to sulfate (Equation 1.2).     
 
MS2 + 6 Fe
3+ + 3 H2O → M
2+ + S2O3
2- + 6 Fe
2+ + 6 H
+       1.1 
S2O3
2- + 8 Fe
3+ + 5 H2O → 2 SO4
2- + 8 Fe
2+ + 10 H
+      1.2 
 
1.2.2  Polysulfide mechanism - proton mediated dissolution 
 
Minerals which undergo dissolution via the polysulfide mechanism include 
chalcopyrite (CuFeS2), sphalerite (ZnS), arsenopyrite (FeAsS), galena (PbS) and                                                                                                               
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hauerite (MnS2) (Tributsch and Rojas-Chapana 2000).  Proton attack upon the 
mineral generates hydrogen sulfide (H2S) and solubilised metal cations (Equation 
1.3).  In the presence of ferric ions, hydrogen sulfide can react to generate a 
hydrogen sulfide radical (H2S
•+) (Equation 1.4, Steudel 1996).  This cationic 
radical can undergo chain lengthening reactions, generating a polysulfide 
molecule that will eventually decompose to elemental sulfur (S8) (Equation 1.5 - 
See section 1.3.2.2 for an account of chain forming reactions).  Under aerobic 
conditions elemental sulfur will be oxidised to sulfate (Equation 1.6).  
 
MS + 2 H
+ → M
2+ + H2S              1.3 
MS + Fe
3+ + 2 H
+ → M
2+ + H2S
•+ + Fe
2+          1.4 
0.5 H2Sn + Fe
3+ → 0.125 S8 + Fe
2+ + H
+          1.5 
0.125 S8 + 1.5 O2 + H2O → SO4
2- + 2 H
+         1.6 
 
1.3  Chemistry of iron and sulfur intermediates during mineral sulfide
  dissolution  
 
As lower grade ore bodies are exploited it is increasingly likely that a mixture 
of mineral sulfides will be present.  During dissolution it is expected that 
intermediates and products from both the polysulfide and thiosulfate mechanisms 
are formed.  The concentrations will vary depending upon the composition of the 
ore.  Generated intermediates are reactive and interactions can influence the rate 
of dissolution through several mechanisms.  These include the removal or 
regeneration of protons, reduction of ferric ions and the formation of insoluble 
compounds.  Some of the reactions, which can take place, are reviewed briefly.                                                                                                               
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1.3.1  Iron chemistry under acidic conditions 
 
Soluble iron may be released from the  target mineral or gangue material 
present during the acidic dissolution of mineral sulfides.  Soluble forms of iron 
released during the leaching process are ferrous and ferric ions.  Ferrous ions are 
soluble under acidic conditions, but in the presence of  oxygen will be 
spontaneously oxidised to ferric ions (Langmuir 1997).  The rate of oxidation is 
influenced by factors such as pH and oxygen concentration (Langmuir  ibid).  
Depending upon the conditions, ferric ions may precipitate as insoluble ferric 
hydroxides, oxides or ferric hydroxysulfates (Equation 1.7), which are commonly 
termed 'jarosites' in many published works (Watling 2006, Klauber 2008, Baron 
and Palmer 1996).    
 
3 Fe
3+ + 2 SO4
2- + 6 H2O + M
+ →  MFe3(SO4)2(OH)6 + 6 H
+    (1.7) 
where M = Na
+, K
+, NH4
+, H3O
+  
 
The rate of formation of jarosite(s) depends upon a number of solution 
variables.  These include temperature, pH and metal concentration (Dutrizac 
2008).  Potassium jarosite is the most thermodynamically stable jarosite species 
and the rate of precipitation is faster than that of its ammonium, sodium or 
hydronium analogues under comparable conditions (Dutrizac ibid). 
 
 
                                                                                                               
Chapter 1 – Introduction and literature review                                                      6 
1.3.2  Sulfur chemistry under acidic conditions 
 
Sulfur is generally a reactive element and the chemistry of sulfur compounds 
encountered during mineral dissolution is complicated.  Commonly identified 
solid and soluble forms of sulfur include thiosulfate, polythionates (SnO6
2-, where 
n typically varies from 3–6), hydrogen sulfide, sulfite (SO3
2-), sulfate (SO4
2-) and 
elemental sulfur (Schippers et al. 1996, Schippers and Sand 1999, Rojas-Chapana 
et al. 1996, Parker et al. 2008,  Brunner et al. 2008).  These compounds also 
exhibit varied sulfur oxidation states, as detailed in Table 1.1.    
 
Table 1.1: Sulfur compounds identified during studies of leaching systems and the 
corresponding sulfur oxidation state. 
Compound  Formula  Oxidation state 
Sulfate  SO4
-2  + 6 
Sulfite  SO3
-2  + 4 
Trithionate  S3O6
-2  + 3.3 
Tetrathionate  S4O6
-2  + 2.5 
Pentathionate  S5O6
-2  + 2 
Thiosulfate  S2O6
-2  + 2 
Hexathionate  S6O6
-2  +1.67 
Elemental Sulfur  S8  0 
Sulfide  S
-2  - 2 
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Although not identified in leaching systems, sulfane monosulfonic acids 
(SnO3
2- where n = 2–9) are proposed as key intermediates (Schippers et al. 1996, 
Schippers and Sand 1999).  Fundamental studies have demonstrated that reactions 
of sulfane monosulfonic acids can account for the formation of elemental sulfur, 
tetrathionate, pentathionate and hydrogen sulfide (Steudel and Prenzel 1989, 
Steudel 2003).  Other compounds, such as sulfite or thiosulfate, can interact with 
sulfur species present.  Possible interactions between sulfur species detected 
during the thiosulfate and polysulfide mechanisms of dissolution are reviewed 
below. 
 
1.3.2.1   Reactions of thiosulfate and polythionates 
 
Thiosulfate is highly reactive under acidic conditions and will decompose 
generating a range of sulfur compounds (Mizoguchi et al. 1976, Agarwala et al. 
1965, Davis 1958).  A mechanism proposed to account for the formation of these 
products relies on the protonated form of thiosulfate reacting with the dianion 
form, resulting in the generation of a sulfane monosulfonic acid (Equation 1.8, 
Steudel 2003).  If additional thiosulfate is present, this chain lengthening process 
can continue until the HS9O3
-  analogue is formed, which is proposed to 
decompose to elemental sulfur and sulfite (Equation 1.9 and Equation 1.10, Davis 
1958).  Reactions of sulfane monosulfonic acids may also form polythionates.  
When two such molecules react they form an elongated sulfur chain (polythionate 
species) and hydrogen sulfide (Equation 1.11, Steudel 2003).   
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      HS2O3
- + S2O3
2-  →  HS3O3
- + SO3
2-     (1.8)            
      HS3O3
- + S2O3
2-  → HS4O3
- + SO3
2-      (1.9) 
and so on until   HS9O3
- → S8 + SO3
2-  + H
+        (1.10)   
             2 HSnO3
- →  H2S + SmO6
2- (where m = 2n - 1)   (1.11) 
 
A second pathway of thiosulfate decomposition involves the oxidation of 
thiosulfate to tetrathionate.  Ferric ions can be reduced to ferrous ions facilitating 
this redox process (Equation 1.12, Corbett and Ingledew 1987).  Subsequently the 
tetrathionate can act as a substrate for chain lengthening reactions with thiosulfate, 
generating sulfite and pentathionate (Equation 1.13).   
 
2 S2O3
2- + 2 Fe
3+ → S4O6
2- + 2 Fe
2+          (1.12) 
S4O6
2- + S2O3
2- → S5O6
2- + SO3
2-            (1.13) 
 
Polythionates are reported to undergo chain lengthening reactions in the 
presence of thiosulfate (Foss 1961).  These reactions are proposed to proceed via a 
SN2 mechanism generating an enlongated polythionate and sulfite (Zhang and 
Jeffrey 2010).  A typical reaction of this kind is presented in Equation 1.14. 
 
SnO6
2- + S2O3
2–
  →   S(n+1)O6
2- + SO3
2-  Where n ≥ 3      (1.14) 
 
Polythionates are relatively stable under acidic conditions when compared to 
other forms of reduced sulfur (Druschel et al. 2003).  High concentrations of ferric 
ions and oxygen, commonly encountered in leach liquors, will increase the rate of                                                                                                               
Chapter 1 – Introduction and literature review                                                      9 
decomposition (Druschel et al. ibid).  Trithionate and tetrathionate are reported to 
decompose under these conditions, generating protons, sulfate and ferrous ions 
(Equation 1.15, Druschel et al. ibid). 
 
S4O6
2- + 3 Fe
3+ + 2.75 O2 + 4.5 H2O → 4 SO4
2- + 3 Fe
2+ + 9 H
+    (1.15) 
 
The degradation of polythionates may also occur via disproportionation 
reactions.  These reactions are considered slow at low pH and experimental 
evidence has indicated that they are not the result of a direct bimolecular reaction 
(Druschel et al. ibid).  A general reaction is presented in Equation 1.16.  It should 
be noted that trithionate does not undergo reactions of this nature as dithionate 
(S2O6
2-) is not observed to form from interactions between polythionates (Zhang 
and Jeffrey 2010). 
 
2 SnO6
2–  ⇌   S(n+1)O6
2- + S(n-1)O6
2–            Where n ≥ 4      (1.16) 
 
1.3.2.2   Reactions of hydrogen sulfide 
 
Under acidic conditions hydrogen sulfide will undergo chain extending 
reactions generating polysulfide molecules.  In the presence of ferric ions a 
hydrogen sulfide radical can be formed (Equation 1.17).  When this radical 
dissociates it will generate a sulfide radical (HS
•) (Equation 1.18).  A reaction 
between two sulfide radicals forms disulfide (H2S2) (Equation 1.19, Steudel 
1996).                                                                                                                 
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The sulfur chain can be extended further by an analogous mechanism starting 
with the disulfide.  If disulfide reacts with ferric ions it will generate the disulfide 
radical (H2S2
•+).  The dissociated form (HS2
•) may react with another sulfide 
radical, forming trisulfide (Equation 1.20).  Alternatively, a reaction with two 
disulfide radicals will generate the tetrasulfide molecule.  After the eventual 
formation of the H2S9  analogue, a decomposition reaction will take place 
generating hydrogen sulfide and elemental sulfur (Equation 1.21).  Reactions of 
polysulfide molecules with oxidising agents, such as ferric ions or oxygen, can 
also generate additional thiosulfate and elemental sulfur (Steudel 1996).    
 
      H2S
 + Fe
3+ → H2S
•+ + Fe
2+        1.17 
H2S
•+ + H2O ⇌ H3O
+ + HS
•        1.18   
         2 HS
• → H2S2            1.19 
   HS2
• + HS
• → H2S3          1.20 
And so on until   H2S9 → S8 + H2S          1.21 
 
1.3.2.3   Reactions of elemental sulfur 
 
Elemental sulfur is thermodynamically unstable under acidic aqueous and 
aerobic conditions.  Oxidation to sulfate is slow and sulfur is commonly identified 
during ferric sulfate oxidation of mineral sulfides (Parker et al. 2003, Parker et al. 
2008, Dutrizac 1989).  Elemental sulfur has limited solubility in acidic systems, 
with values as low as 0.6 µgXL
-1  reported (Boulegue 1978).  Only the 
α-orthorhombic or polymeric allotropes have been identified during base metal                                                                                                               
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dissolution (Parker et al. 2008, Dutrizac 1989), despite reports that more than 30 
allotropes exist (Meyer 1964).    
 
The α-orthorhombic allotrope consists of eight member sulfur rings arranged in 
an orthorhombic crystal lattice (Meyer 1964).  The polymeric allotrope of sulfur is 
an unbranched chain of varying length (Meyer 1976).  The review by Klauber 
(2008) proposed that polymeric sulfur is initially formed by chain extending 
reactions during ferric sulfate leaching of chalcopyrite.  This allotrope is 
thermodynamically unstable and will eventually convert to the α-orthorhombic 
form over time (Meyer 1976).  The presence of unconverted polymeric sulfur 
could account for inconsistent reports in the literature, regarding detection of 
elemental or polymeric sulfur on mineral sulfide surfaces (Parker et al. 2008).  
The  α-orthorhombic allotrope of sulfur is also susceptible to attack by 
nucleophiles, such as sulfide or sulfite (Roy and Trudinger 1970).  Under acidic 
conditions, the majority of these species will be protonated, significantly lowering 
the concentration of the anionic forms that can attack the sulfur matrix. 
 
An overview of the reviewed sulfur chemistry and it's relationship to mineral 
sulfide oxidation is detailed in Figure 1.1.  The figure demonstrates how species 
formed during the polythionate and thiosulfate mechanisms of mineral sulfide 
oxidation will ultimately generate sulfate as a final sulfur product 
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Figure 1.1:  A summary of selected interactions between sulfur species identified, 
or hypothesised, during mineral sulfide dissolution.  Thiosulfate and hydrogen 
sulfide are generated initially, with sulfuric acid the end product of sulfur 
oxidation.    
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1.4  Bacterial catalysis of mineral sulfide dissolution 
 
The mechanisms of mineral sulfide dissolution depend upon ferric ions, 
protons, or a combination of both, to break down the mineral matrix and solubilise 
metals (Section 1.2).  Ferric ions and protons are consumed during the process of 
leaching and the rate of dissolution will decrease unless they are replenished.   
Chemolithotrophic bacteria and archaea are micro-organisms that can regenerate 
protons and ferric ions through two biochemical processes (Equation 1.22 and 
Equation 1.23);   
 
1.  Oxidation of ferrous ions to ferric ions.  
 
  2 Fe
2+ + 2 H
+ + 0.5O2 → 2 Fe
3+ + H2O        (1.22) 
 
2.  Oxidation of reduced sulfur compounds to sulfuric acid. 
 
  2 S + 3 O2 + 2 H2O → 2 H2SO4           (1.23) 
 
Processes one and two maintain high concentrations of protons and ferric ions 
to facilitate the continued dissolution of base metal sulfides.  These oxidative 
reactions also serve to generate energy for the formation of additional cells, 
potentially making the process autocatalytic.    
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1.4.1  Chemolithotrophic bioenergetics 
 
Biological iron and sulfur oxidative mechanisms are linked to biochemical 
processes that generate adenosine tri-phosphate (ATP) in the cytoplasm of 
chemolithotrophic organisms (Crundwell 1997).  ATP can be utilised by the cell 
for a variety of purposes, including cellular repair, protein synthesis or biomass 
generation (Prescott  et al.  1999).  Generation of ATP in the cell requires a 
movement of protons into the cytoplasm (Mitchel 1961).  This flux of protons is 
consumed by the reduction of oxygen to form water (Nemati  et al.  1998).  
Electrons required for the reduction of oxygen or Nicotinamide adenine 
dinucleotide (NAD
+) are obtained from the oxidation of reduced iron or sulfur 
compounds.  Transport into the cytoplasm is mediated by components of the 
electron transport chain, which are typically redox-active proteins.  The coupling 
of substrate oxidation and ATP synthesis by chemolithotrophs is represented 
using chemiosmotic theory (Figure 1.2, Ingledew  et al.  1977).  The specific 
mechanisms by which organisms transfer electrons from ferrous ions, or reduced 
sulfur compounds, into the cytoplasm are different.  These are reviewed in brief. 
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Figure 1.2:  Representation of the chemiosmotic circuit.  Protons are channelled 
into the cytoplasm to facilitate ATP synthesis.  To prevent acidification of the 
cytoplasm, protons and oxygen are reduced to water using electrons from an 
oxidised substrate. 
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1.4.2  Biological mechanisms of ferrous oxidation 
 
A number of proteins have been identified and demonstrated to be involved in 
the process of ferrous oxidation. These include; 
  
1.  A Porin transport protein (Mjoli and Kulpa 1988, Silva et al. 1992).  
2.  Ferric polysaccharide cellular coating (Ingledew and Cobley 1980).  
3.  Copper centred protein named rusticyanin (Cobley and Haddock 1975, 
Kulpa et al. 1986, McGinnis et al. 1986, Blake et al. 1991, Nunzi et al. 
1993, Yarzábal et al. 2003).  
4.  Iron-sulfur protein (Fry et al. 1986, Fukumori et al. 1988, Kusano et al. 
1992).  
5.  Multiple c-type cytochromes (Giudici-Orticoni et al. 2000, Yarzábal et 
al. 2002, Ingledew 1982).  
6.  Cytochrome  aa3  oxidase, the terminal electron acceptor (Ingledew 
1986, Kai et al. 1989).   
 
Several models have been put forward to explain the organisation of these 
components in the ferrous oxidising electron transport chain (Appia-Ayme et al. 
1999,  Blake and Shute 1994,  Yamanaka  et al.  1991,  Amouric  et al.  2011).  
Variations are reported, but a common feature is that ferrous oxidation does not 
occur in the cytoplasm.  Electrons are shuttled through the periplasm by a series of 
proteins and cytochromes to a membrane-bound cytochrome oxidase that reduces 
molecular oxygen to water inside the cytoplasm (Figure 1.3).  A model proposed                                                                                                               
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by  Quatrini  et al.  (2009) summarises the proposed interactions of these 
components giving an overview of the process (Figure 1.3).  
 
 
Figure 1.3: Prpopsed interactions between components in the ferrous oxidation 
electron transport chain of the chemolithotroph Acidithiobacillus (At.) 
ferrooxidans (Quatrini et al. 2009).  It should be noted that the porin transport 
protein is not included, as subsequent studies do not identify its presence during 
ferrous oxidation.  Likewise, the ferric polysaccharide coating is not included as 
although it may help facilitate electron transfer.   
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 The majority of studies on the ferrous oxidation electron transport chain have 
examined components of the bacterium At. ferrooxidans.  Different species are 
proposed to utilise alternative components, with a different arrangement of these 
hypothesised (Bonnefoy and Holmes 2012).  Archaeal species are also proposed 
to utilise an oxidative phosphorylation process, with proteins facilitating the 
movement of electrons into the cytoplasm (Dopson et al. 2005, Auernik et al. 
2008).   
 
1.4.3  Biological mechanisms of sulfur oxidation 
 
Growth of chemolithotrophic organisms is observed on a range of soluble and 
solid reduced sulfur compounds, with sulfuric acid the end product of oxidation 
(Waksman and Starkey 1922,  Kempner 1966).  Historically, enzymatic and 
genetic studies have focussed upon the growth of bacteria utilising elemental 
sulfur as an energy source (Suzuki 1965, Espejo and Romero 1987, Ceskova et al. 
2002).  A substantial number of investigations also demonstrate growth on soluble 
reduced sulfur compounds, such as polythionates or thiosulfate (Cwalina et al. 
1995, Steudel et al. 1987, Eccelston and Kelly 1978).  Intermediates are reported 
during growth on soluble sulfur compounds, these include pentathionate and 
hexathionate (Steudel et al. 1987, Cwalina et al. 1995). 
 
There is evidence that sulfur-oxidising organisms exhibit a range of enzymes 
that can oxidise, or in some cases reduce elemental sulfur, tri-  tetra-  and 
pentathionate, sulfite and thiosulfate (Mangold  et al.  2011).  Genetic                                                                                                               
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investigations have not yet reached final consensus on the organisation of the 
operon(s) associated with sulfur oxidation (Mangold et al. 2011, Rzhepishevska et 
al. 2007, Quatrini et al. 2009,  Bruscella et al.  2005).  The actions of several 
enzymes associated with the oxidation of reduced sulfur to sulfate are detailed in 
brief below.  
 
1.4.3.1  Growth on elemental sulfur  
  
Chemolithotrophic utilisation of elemental sulfur is proposed to require contact 
with, or attachment to, the sulfur particle (Schaeffer et al. 1962, Gourdon and 
Funtowicz 1998, Takakuwa et al. 1979, Ceskova et al. 2002).  Once an organism 
is attached to the sulfur particle it will proceed to disrupt the matrix.  Reactive 
thiol groups, hypothesised to be located on outer membrane proteins, are proposed 
to act as nucleophiles facilitating disruption (Suzuki 1965,  Suzuki and Silver 
1965, Rohwerder and Sand 2003, Rohwerder and Sand 2008).  Once sulfur is 
mobilised, in the form of persulfide, it is proposed to react with either a 
dioxgyenase (Rohwerder and Sand 2003) or heterodisulfide reductase enzyme 
(Quatrini et al. 2009, Mangold et al. 2011).  Sulfite is proposed to be generated by 
both enzmes and subsequently oxidised to sulfate, providing energy for growth.  It 
is proposed that only the oxidation of sulfite to sulfate generates energy for 
cellular processes (Kelly 1999).      
 
The chemical structure of elemental sulfur is reported to influence its 
amenability to bacterial oxidation.  The study conducted by Laishley and Bryant                                                                                                               
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(1986) reported different rates of sulfur utilisation depending upon the 
composition of elemental sulfur.  Experiments by Blight et al. (2009), attempting 
to repeat this work, compared the growth of a mixed mesophilic bacterial culture 
on α-orthorhombic or polymeric sulfur.  Only utilisation of the α-orthorhombic 
allotrope was reported and no growth could be demonstrated on polymeric sulfur.     
 
1.4.3.2   Growth on trithionate and tetrathionate 
   
Tetrathionate and trithionate are soluble under acidic conditions.  Enzymes 
associated with the hydrolysis of tri-, tetra- and pentathionate were identified in a 
number of investigations (Meulenberg et al. 1992, Meulenberg et al. 1993, de 
Jong  et al.  1997a,  de Jong et al.  1997b).  Two enzymes, tetrathionate and 
trithionate hydrolase, are demonstrated to degrade polythionates in solution via an 
initial reduction reaction to thiosulfate (Meulenberg et al. 1992, Meulenberg et al. 
1993).  The stoichiometry of these reactions and the location of enzymes in the 
cell has been the topic of several studies.  
 
Tetrathionate hydrolase is an acid stable enzyme with a reported pH optimum 
of 3 (Bugaytsova and Lindstrőm 2004).  This enzyme is proposed to be located in 
the periplasm, except for the species At. ferrooxidans where it is hypothesised to 
be an outer membrane protein (Kanao et al. 2007).  The enzyme is demonstrated 
to hydrolyse tetrathionate, generating several products.  Several different 
stoichiometric ratios for the tetrathionate hydrolysis reaction have been put 
forward from studies utilising a range of different bacterial species (Table 1.2).                                                                                                               
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Table 1.2: Products from the enzymatic hydrolysis of tetrathionate and their ratios relative to 1 unit of tetrathionate. 
 
Study  Bacterium 
Reported Stoichiometry of Reaction Products to Tetrathionate  
 
H
+ 
 
S
0  SO4
-2  S2O3
-2  S5O6
-2  ∆G° (kJ mol
-1) 
3 
Meulenberg et al. 1993  Acidiphilium acidophilum
1   2  1  1  1    - 22 
Tano et al. 1996  At. thiooxidans  2.5    0.5  1.75    +10 
Sugio et al. 1996  Native At. ferrooxidans strain        1.75 
2    n.a. 
de Jong et al. 1997a  Acidiphilum acidophilum  2  1  1  1    -22 
de Jong et al. 1997b  At. ferrooxidans  2  1  1  1    -22 
Bugaytsova and Lindström 
2004 
At. caldus  1    0.5  0.5  0.5  +57 
1 Previously Thiobacillus acidophilus (Hiraishi et al.1998). 
2 Other intermediates not verified. However, it was assumed by the authors that the stoichiometry was identical to Tano et al. (1996). 
3 See Appendix A for the data used in calculations. 
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The hydrolysis reaction, initially proposed by Meulenberg et al. (1993), has a 
calculated ∆G° value of approximately -22 kJ mol (S4O6)
−1 (Equation 1. 24).  The 
low ∆G° of Equation 1.24 compared to other proposed enzymatic stoichiometric 
ratios (Table 1.2) indicates that this particular reaction, under the comparatively 
high tetrathionate concentrations and relatively low concentrations of products, is 
most likely to occur.  Curiously, when researchers incubated the purified enzyme 
with pentathionate (de Jong et al. 1997a, de Jong et al. 1997b) an analogous 
stoichiometry was observed, with twice as much colloidal sulfur (S°) generated 
(Equation 1.25). 
 
S4O6
2– + H2O → S2O3
2– + S° + SO4
2– + 2H
+       ∆G° = -22 (kJ)    (1.24) 
 
S5O6
2– + H2O → S2O3
2– + 2S° + SO4
2– + 2H
+     ∆G° = -104 (kJ)   (1.25) 
 
The only soluble reduced sulfur product formed via this mechanism is 
thiosulfate.  Other proposed enzymatic reactions differ slightly in the products 
detected, but a common feature is the formation of thiosulfate (Table 1.2). 
 
Trithionate hydrolase is an enzyme identified in cell free extracts of 
Thiobacillus acidophilus (Meulenberg et al. 1992).  The enzyme reportedly acts in 
an analogous manner to tetrathionate hydrolase, forming thiosulfate and sulfate as 
products (Equation 1.26).   
 
S3O6
2– + H2O → S2O3
2– + SO4
2– + 2H
+   ∆G° = -99 (kJ)      (1.26)                                                                                                               
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It should be noted that the study by Meulenberg et al. (1992) exposed this 
enzyme to tetrathionate but no reaction was observed, in contrast with 
tetrathionate hydrolase, which could react with both tetra- and pentathionate.  No 
studies have hypothesised a location for this enzyme within the cell.  
 
1.4.3.3   Sulfite oxidoreductase  
 
The biological oxidation of sulfite to sulfate is facilitated by a sulfite 
oxidoreductase enzyme (Kappler and Dahl 2001).  Only this step in reduced sulfur 
oxidation is hypothesised to supply electrons for reduction of water in the electron 
transport chain (Kelly 1999).  The enzyme is demonstrated to utilise ferric ions as 
an electron acceptor in the bacterium At. ferrooxidans (Sugio et al. 1988).  Studies 
in different bacterial systems that identified this enzyme reported that ferricyanide 
and cytochrome c are also utilised as electron acceptors (Nakamura et al. 1995, de 
Jong et al. 2000).  The enzyme demonstrates optimal activity at pH 6–7.5 and is 
proposed to be located at the inner membrane (Figure 1.4).  However, molecular 
studies of the type strains of At. ferrooxidans and At. caldus could not identify this 
enzyme (Quatrini et al. 2009, Mangold et al. 2011).  They proposed an alternative 
oxidative pathway whereby sulfite is oxidised to sulfate through a substrate level 
phosporylation process (Quatrini et al. 2009, Mangold et al. 2011).  
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Figure  1.4:  Biologically catalysed reactions with reduced sulfur compounds.   
Polythionate hydrolysis reaction products depend upon the length of the sulfur 
chain.  Trithionate hydrolase does not produce S
o.  The enzyme tetrathionate 
hydrolase will generate 1 and 2 units of S
o when reacting with tetrathionate and 
pentathionate respectively  
 
1.4.4  Biological growth yields 
The growth yield can be defined as the relationship between the quantity of 
substrate oxidised and the quantity of cellular material formed.  Under optimal 
S4O6
2- S5O6
2- S3O6
2-
Tetrathionate 
hydrolase
Trithionate 
hydrolase
S2O3
2– + x S° (s) + SO4
2– + 2 H+
Outer 
membrane 
protein
Elemental 
sulfur
Sulfur 
Dioxygenase
protein
O2 + H2O
2 H+
SO3
2- SO4
2- Sulfite oxidoreductase
Cytochrome
2 e-
2 H+ + ½ O2 H2O
S°
Outer membrane
Inner membrane
Heterodisulphide
reductase
SO3
2-
Substrate-level phosphorylation                                                                                                              
Chapter 1 – Introduction and literature review                                                      25 
growth conditions the quantity of biomass generated is proportional to the sum of 
electrons available from complete oxidation of the substrate(s) present (Battley 
1996).  A commonly used elemental ratio that represents biomass formation from 
the transfer of protons and electrons into the cytoplasm is demonstrated in 
Equation 1.27 (von Stockar et al. 1993).     
 
CO2 + 0.25 NH4
+ + 3.86 H
+ + 4.11 e
-→xCH1.70O0.42N0.25(s) + 1.58 H2O  (1.27) 
 
A theoretical maximum yield can be estimated by assuming that all available 
electrons from the substrate pass through the electron transport chain and are used 
to reduce carbon dioxide.  The efficiency of growth (Equation 1.28), which will 
represent the partioning of electrons between oxygen or carbon dioxide reduction, 
can be calculated from a comparison of the experimentally observed yield (Yobs) 
to the calculated maximum yield.  Any calculations of the efficiency of growth 
will also incorporate maintenance energy utilised by the organism (where 
maintenance energy is defined as the energy consumed for functions other than 
the production of new cell material, Pirt 1965) 
 
Efficiency of growth (%)     =          Yobs                 (1.28) 
                      Calculated maximum yield   
 
Reported efficiencies of bacteria growing on reduced sulfur compounds vary 
between 5–12x% (Kelly 1999 and  references  therein).    Studies  investigating                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
growth on ferrous ions typically report higher efficiencies of approximately 30 % 
(Blight and Ralph 2008a, Lyalikova 1958).                                                                                                               
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1.5  Effect of environmental conditions on bacterial oxidation 
   
During the process of base metal dissolution changing solution conditions will 
impact upon the activity of chemolithotrophic species in the leaching 
environment.  The rate of iron and reduced sulfur oxidation will be affected by 
high metal concentrations, fluctuations in solution pH and changes in temperature.  
Mineral dissolution will be impacted if ferric ions and protons are not regenerated 
at a sufficient rate.  A brief overview detailing how these conditions impact upon 
biological iron and sulfur oxidation is detailed below. 
 
1.5.1  Effect of anions and cations on biological ferrous oxidation  
 
The effect of selected anions and cations upon ferrous oxidation by whole cells 
has been extensively studied; for specific papers see the reviews by Ingledew 
(1982),  Bosecker  (1997) and  Watling  (2006).  The majority of investigations 
observe that significant concentrations of anions or cations will reduce the rate of 
bacterial ferrous oxidation and/or lower the observed cell yield (Ojumu  et al. 
2008, Gahan et al. 2010).  Different observations are reported depending upon the 
anion(s), or cation(s), present in solution and the organism of study.  Some ions, 
such as chloride and nitrate, are demonstrated to have more severe toxic effects 
when compared to other solution components such as sulfate (Lawson et al. 1995, 
Shiers et al. 2005, Blight and Ralph 2008b). 
 
Although there is no definitive mechanism of anionic or cationic inhibition of 
ferrous oxidation, several proposals have been put forward to explain observations                                                                                                               
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during growth studies.  Alexander  et al.  (1987)  hypothesised that anionic 
inhibition effects, observed during studies with chloride (Cl
-), nitrate (NO3
-), 
phosphate (PO4
3-) and organic acids were caused by acidification of the 
cytoplasm.  Acidification was proposed to be caused by uncharged protonated 
analogues of these anions diffusing through the cell wall, where-upon entering the 
cytoplasm they dissociate, releasing protons.  Harahuc et al. (2000a) came to a 
similar conclusion when investigating the growth of several bacterial species in 
the presence of chloride, nitrate and phosphate anions.  
 
Metal cations that enter the cytoplasm can exert a toxic effect upon 
chemolithotrophic organisms.  Metal ions can interfere with biological processes 
through blocking functional groups of enzymes, inhibiting transport systems and 
disrupting membranes (Nies 1999,  Dopson  et al.  2003).  Mechanisms of 
resistance include transporting cations out of the cell, or the reduction of toxic 
ions followed by intra- or extracellular sequestration (Dopson et al. 2003 ibid).  
 
Qualitative and quantitative investigations have demonstrated that ions which 
do not have a specific toxic effect on bacteria or archaea, such as sulfate, will 
contribute to organism inhibition through their addition to the ionic strength of the 
solution (Blight and Ralph 2004, Brock 1974).  Three mechanisms may account 
for this.   
 
1.  Raised ionic strength can lead to an increased osmotic pressure upon 
the cell, resulting in increased cellular maintenance energy expenditure.                                                                                                               
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2.  A salting effect will impair the kinetics of electron transfer to the 
organism if the initial step in oxidation is between oppositely charged 
components and the transfer agent is exposed to the solution (Glasstone 
and Lewis 1964). 
   
3.  Elevated ionic strength will reduce the solubility of gases in solution 
(Geng and Duan 2010,  Al-Anezi  et al.  2008).  Oxygen or carbon 
dioxide limitation will impair the growth of chemolithotrophic 
organisms (de Kock et al. 2003, Astudillo and Acevedo 2009). 
 
During the study of Blight and Ralph (2004) the authors reported that exposure 
to an ionic strength of 0.8 M (calculated assuming ideal solution behaviour) 
reduced the rate of ferrous oxidation by over 50 % in a culture of mixed 
mesophilic organisms.  The ionic strength in some heap leach liquors is calculated 
to be as high as 7–8 M (Watling et al. 2010).    
 
1.5.2  Effect of anions or cations on biological sulfur oxidation  
 
Quantitative studies have demonstrated that the presence of anions and cations 
can inhibit sulfur oxidation (Suzuki et al. 1999, Chen et al. 2003).  Differences are 
reported when studies of sulfur oxidation are compared to those of ferrous 
oxidation.  Harahuc  et al.  (2000a)  noted that the mesophilic organism 
At.xthiooxidans  demonstrated a greater tolerance to chloride and nitrate when 
oxidising elemental sulfur, compared to ferrous ions.  A subsequent study 
demonstrated that the presence of phosphate and nitrate could suppress ferrous ion 
oxidation activity in cultures of At. ferrooxidans while allowing sulfur oxidation 
to continue (Harahuc et al. 2000b).                                                                                                               
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1.5.3  Effect of  temperature on biological iron and sulfur oxidation 
 
In hydrometallurgical systems changes in temperature will impact the rate of 
chemolithotrophic and chemical reactions.  These systems demonstrate Arrhenius 
behaviour, i.e., higher temperatures will increase the rate of chemical and 
enzymatic reactions, such as ferrous and reduced sulfur oxidation (Nelson and 
Cox 2000,  Prescott  et al.  1999,  Zumdahl 1997,  Franzman  et al.  2005, 
Ratkowsky  et al.  1983).  Chemolithotrophic organisms must operate within 
physiological tolerances; if the temperature is too high for a given organism, cell 
death will result due to protein denaturation and breakdown of essential 
respiratory processes (Prescott et al. 1999).  The rate of biological activity will 
also be reduced if the temperature is too low (Prescott et al. ibid).  A breakdown 
in the autocatalytic process will occur at both temperature extremes and impact 
the rate of mineral sulfide dissolution.  
 
1.5.4  Effect of pH on biological iron and sulfur oxidation  
 
Changes in pH will affect chemolithotrophic organisms through direct and 
indirect mechanisms.  An excess of protons in the environment can directly affect 
organisms through acidification of the cytoplasm, causing cell death if pH 
homeostasis is not maintained (Baker-Austin and Dopson 2007).  
Chemolithotrophs have coping mechanisms, such as generating a reversed 
membrane potential, buffering the cytoplasm with various molecules, pumping 
excess protons out of the cell, modifying the cell wall and/or increasing the rate of 
protein and DNA repair (Baker-Austin and Dopson ibid).  All mechanisms require                                                                                                               
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the synthesis of additional proteins or enhanced cellular repair rates, which will 
lead to increased maintenance energy expenditure (Baker-Austin and Dopson 
ibid).  It is also reported that at high pH values, where fewer protons are present 
than at optimal conditions, adverse effects upon chemolithotrophic kinetics and 
growth are exhibited (Plumb et al. 2008). 
 
1.6  Growth in systems containing elemental sulfur and ferrous ions 
 
In many hydrometallurgical systems both ferrous ions and reduced forms of 
sulfur will be present.  Preferential utilisation of either substrate will have a 
significant impact on the solution chemistry and favour specific mechanisms of 
mineral dissolution.  Previous studies investigating utilisation in the presence of 
multiple substrates have predominantly examined systems containing soluble 
ferrous ions and elemental sulfur.  These studies report mixed findings regarding 
simultaneous or sequential substrate oxidation. 
 
1.6.1  Simultaneous substrate utilisation 
 
Simultaneous  utilisation of ferrous ions and elemental sulfur  was reported 
during the studies conducted by Espejo and Romero (1987), Das et al. (1993) and 
Landesman  et al.  (1966).  Das  et al.  (1993) demonstrated that when 
At. ferrooxidans was grown in the presence of both substrates ferric ions and 
sulfuric acid were produced, indicated by a lowering of pH during ferrous ion 
oxidation.  Alternatively, the drop in pH may have been caused by jarosite 
precipitation (Equation 1.7) and therefore not be indicative of simultaneous                                                                                                               
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substrate utilisation.  Simultaneous utilisation of ferrous ions and sulfur was 
observed during the manometric study conducted by Landesman et al. (1966).  
The authors reported the individual rate of ferrous ion or sulfur oxidation was 
approximately the same as the total rate, seen during simultaneous oxidation of 
both substrates.  Reports of the simultaneous utilisation of multiple substrates are 
not unique to chemolithotrophic organisms.  This behaviour is also observed 
during studies of heterotrophic bacteria utilising a diverse range of organic 
compounds (Kompala et al. 1984, Brinkmann and Babel 1992), where historically 
the norm is to sequentially utilise organic compounds via enzyme repression at a 
genetic level (Nelson and Cox 2000). 
  
1.6.2  Sequential substrate utilisation 
 
Sequential utilisation of ferrous ions, before the oxidation of elemental sulfur, 
is also reported.  Beck  (1960) was the first to report this behavior, after 
undertaking a series of tests measuring oxygen uptake in the presence of ferrous 
ions and elemental sulfur.  Unz and Lundgren (1961),  Sand  (1989) and 
Kupka  et al.  (2009) also observed preferential ferrous oxidation when 
chemolithotrophic organisms were cultured in a mixed-substrate medium prepared 
with ferrous ions and elemental sulfur.  Sand (1989) reported a significant lag 
phase between the end of ferrous ion oxidation and the commencement of sulfur 
oxidation.  The recent study of Kupka et al. (2009), utilising the psychrotolerant 
Acidithiobacillus  strain SS3 growing at 4
oC, demonstrated that preferential 
substrate oxidation is not limited to mesophilic or thermophilic organisms.                                                                                                                 
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Genetic studies also demonstrate this behaviour, with the expression of genes 
associated with ferrous oxidation taking preference to those associated with 
elemental sulfur oxidation (Sandoval Ponce et al. 2011) 
 
A hypothesis proposed to explain why ferrous ions are preferentially oxidised 
is that the presence of ferrous ions can inhibit oxidation of  reduced sulfur 
compounds.  Sugio et al. (1989) proposed that > 0.1 M ferrous ions inhibited 
At.xferrooxidans from utilising elemental sulfur as an energy source.  A more 
recent study by Sugio et al. (2009) demonstrated that ferric ions were associated 
with the growth of At. ferrooxidans  on elemental sulfur or tetrathionate.  A 
requirement of ferric ions will necessitate preferential or simultaneous oxidation 
of ferrous ions.  Indirect evidence supporting this is demonstrated in the study 
conducted by Zhang et al. (2011).  In this study the authors demonstrated that the 
addition of ferric ions significantly increased the average rate of tetrathionate 
oxidation by At.xcaldus.  In contrast, the addition of ferrous ions to the medium 
was not observed to influence oxidation kinetics.  
 
1.6.3  Genetic regulation of iron and sulfur pathways  
 
A number of protein expression studies have been undertaken to investigate the 
regulation of iron and sulfur metabolism in the bacterium At. ferrooxidans when 
both substrates are present.  These studies have primarily focussed on the 
expression of genes from the 'rus' operon in the presence of soluble ferrous and 
elemental sulfur (Ramírez et al. 2004, Yarzàbal et al. 2004).  The rus operon is                                                                                                               
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proposed to encompass genes for the protein rusticyanin, two separate c-type 
cytochromes and the subunits that comprise an aa3-type cytochrome oxidase 
(Appia-Ayme et al. 1999, Section 1.4.2).   
 
Experimental observations of growth in these systems indicate that the 
presence of ferrous ions leads to the expression of proteins associated with the 
'rus' operon, and the repression of proteins associated with utilisation of elemental 
sulfur (Ramírez et al. 2004, Yarzàbal  et al. 2004).  Based on this evidence a 
genetic model was proposed in which the presence of ferrous ions inhibited the 
expression of genes associated with elemental sulfur oxidation (Amouric et al. 
2009, Sandoval Ponce et al. 2011, Yarzàbal et al. 2004). 
 
When Ramírez et al. (2004) investigated expression of proteins during growth 
on mineral sulfides evidence for simultaneous expression was observed.  The 
authors, however, did not state the redox potential of the iron couple at the time of 
sampling; if low concentrations of ferrous ions were present these results will not 
invalidate the model by Yarzàbal et al. (2004).  The model does not account for 
the observations of Das  et al.  (1993) and Landesman  et al.  (1966), who 
demonstrated that mesophilic cultures oxidised elemental sulfur and ferrous ions 
simultaneously. 
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1.7  Scope of thesis research  
 
Reports investigating regulation of ferrous ion and sulfur oxidation typically 
contain little or no information regarding the bulk chemistry of the experimental 
systems.  Consequently the effect of a number of solution variables upon 
regulation is unknown.  In this respect, a number of questions remain to be 
answered, including: 
 
1.  Do all chemolithotrophic organisms display similar preferences when 
grown in a ferrous ion and reduced sulfur media? 
 
2.  Do substrate utilisation preferences change when chemolithotrophs are 
cultured in media containing ferrous ions and a soluble, or solid, sulfur 
substrate?  
 
3.  Can the expression of sulfur or iron oxidising mechanisms be manipulated 
by relative substrate concentrations?   
 
4.  Do cellular yields vary between energetically equivalent amounts of 
substrate? 
 
5.  What is the effect of solution contaminants upon the regulation of both 
iron and sulfur oxidation? 
 
6.  Is it possible to use solution contaminants to selectively promote either 
ferrous ion or sulfur oxidation?   
 
A review of the literature highlights how extensively the archetypal 
chemolithotroph  At. ferrooxidans  has been studied during investigations into                                                                                                               
Chapter 1 – Introduction and literature review                                                      35 
substrate regulation.  It is unknown whether all chemolithotrophic species behave 
in an identical manner.  In only one such study has the behaviour of a bacterial 
species that is not mesophilic (Acidithiobacillus  strain SS3)  been described 
when growing on multiple substrates (Kupka  et al.  2009).  A number of 
chemolithotrophs exist which are able to utilise both ferrous ions and sulfur 
substrates.  This study will examine the behaviour of the bacterial and archaeal 
species listed in Table 1.3.  By comparing a broad range of organisms, which can 
grow in a variety of different solution conditions, any common mechanisms of 
regulation can be observed.  
 
Table 1.3: Chemolithotrophic bacteria and archaea able to utilise both ferrous ions 
and sulfur substrates and their reported pH and temperature optima. 
Bacteria  Reported temperature 
optima (ºC)  Reported pH optima  
At.  ferrooxidans  29 
1  ca. 2 
6 
Sulfobacillus (Sb.) acidophilus  51 
2  1.7 
2 
Sb.  thermotolerans  45 
2  1.4 
2 
Sb. thermosulfidooxidans  51
 2  1.7 
2, 1.5 
3 
Sb. sibiricus  52 
2  1.4 
2 
Archaea     
Acidianus (A.) brierleyi  78 
1  1.0 
3 
Metallosphaera (M.) hakonensis  70–75 
4  2.5–3.0 
3,4 
Sulfolobus (S.) metallicus*  71 
1  65 
5 
Values obtained from 
1Franzmann et al. (2005), 
2Watling et al. (2008), 
3Plumb et al. 
(2008), 
4Kurosawa et al. (2003), 
5Huber and Stetter (1991), 
6Ingledew (1982).  
* Requires the presence of reduced sulfur to oxidise ferrous ions (Bathe and Norris 2007). 
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Previous studies have compared growth on a soluble substrate, ferrous ions, to 
a solid substrate, elemental sulfur.  The use of elemental sulfur may present a 
source of bias, due to its finite surface area and consequent transport issues that 
may arise during utilisation.  Other forms of reduced sulfur utilised during 
investigations into oxidative regulation are thiosulfate and mineral sulfides 
(Ramírez  et al.  2004).  In that study, under the experimental conditions, 
thiosulfate was unstable and during the oxidation of mineral sulfides the sulfur 
composition was undefined.  In the present study, dual substrate growth media 
containing a defined and stable soluble reduced sulfur source, tetrathionate, 
together with soluble ferrous ions will be used to investigate microbial utilisation 
patterns under controlled but varied conditions.  The relative concentrations of 
ferrous ions will be altered to investigate the impact of substrate quantity on 
regulation.  By monitoring growth during these investigations planktonic cell data 
will be interrogated to determine whether cell growth varies between energetically 
equivalent amounts of substrate. 
 
In addition, the opportunity will be taken to investigate the effects of solution 
contaminants upon regulation.  The behaviour of selected chemolithotrophic 
species, growing in dual substrate media, in the presence of nitrate will  be 
investigated.  Nitrate is documented to exhibit an inhibition effect upon ferrous 
ion oxidation (Virnig et al. 2003, Alexander et al. 1987, Blight and Ralph 2008b, 
Harahuc  et  al. 2000a,  Niemelä  et al. 1994).  If possible, control will be 
demonstrated over the regulation of either iron or sulfur oxidative pathways.                                                                                                               
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Chapter 2 Materials and methods 
 
To address the stated scope of thesis research (Section 1.7) a series of different 
experiments were conducted.  Initially, the growth patterns of selected 
chemolithotrophic organisms (Table 1.3) were evaluated on media that contained 
a set quantity of tetrathionate, with either high or low concentrations of ferrous 
iron present (Section 2.2).  To assist in reconciling the data an energetic 
investigation was conducted on At. caldus, cultured with tetrathionate as the only 
energy source (Section 2.3).  To evaluate the effect of a solution contaminant on 
substrate utilisation preferences, nitrate was added to cultures of the test 
organisms (Section 2.4).  The use of nitrate to regulate iron oxidation during 
chalcopyrite bioleaching was also evaluated (Section 2.5).       
 
All chemicals used during this study were analytical grade reagents (AR) 
unless otherwise stated and all solutions prepared with de-ionised water.  A pH 
meter (TPS – Smartchem model) and glass membrane electrode (Ionode GL20) 
were used to measure pH when preparing solutions.  The meter was calibrated 
using pH 1.00 and 4.00 buffers.  All redox potential measurements are reported 
with reference to a Ag/AgCl reference electrode.  Redox electrodes (Ionode model 
IP1306) were calibrated using Zobell’s  solution (Nordstrom 1977).  All cell 
counts were performed using a Helber Bacterial Counting Chamber (Thoma 
ruling, 0.02 mm cell depth) and a Nikon (Alphashot-2 model) phase contrast 
microscope.  Preparation and transfer of sterile solutions, sub-culturing,                                                                                                               
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inoculation of test flasks and sampling took place in a laminar flow hood using 
aseptic techniques.  
 
2.1  Test species culture maintenance 
 
All cultures were grown in a basal salts medium supplemented with yeast 
extract (BSM-YE) unless stated otherwise.  The medium was prepared by 
dissolving 1.5 g L
-1 ammonium sulfate (NH4)2SO4, 0.25 g L
-1 magnesium sulfate 
(MgSO4.7H2O) and 0.25 g L
-1 potassium dihydrogen phosphate (KH2PO4) in de-
ionised water.  The solution pH was adjusted to 1.8 ± 0.05 with concentrated 
sulfuric acid (H2SO4) and was sterilised by autoclaving at 121 °C, 120 kPa for 30 
minutes.  A 10x% w/v yeast extract solution was prepared by dissolving 3 g in 
30xmL of basal salts medium after which the solution was sterilised using a 
0.2xµm syringe filter.  The basal salts medium had 1.0 mL of yeast extract 
solution added per litre.  Iron-adapted cell lines were cultured in BSM-YE 
medium that was  supplemented with 9.71 gxL
-1  ferrous sulfate (FeSO4.7H2O).  
Tetrathionate-adapted cultures were grown on BSM-YE medium supplemented 
with 0.75 g L
-1 of potassium tetrathionate (K2S4O6) as the primary energy source.  
Aliquots of 100 mL of culture medium were transferred to a 250 mL Erlenmeyer 
flask  before inoculation.  Cultures of Sb.
xthermosulfidooxidans  DSM 9293
T, 
Sb. acidophilus DSM 10332
T, Sb. sibiricus DSM 17363
T and Sb. thermotolerans 
DSM 17362
T were incubated at 45 ºC.  Cultures of A. brierleyi DSM 1651
T, 
S.xmetallicus DSM 6482
T and M.xhakonensis (native isolate) were incubated 
at 60 ºC.  At. ferrooxidans DSM 14882
T was cultured at 30xºC in medium with                                                                                                               
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no added yeast extract (BSM), which was otherwise identical to that described 
previously.  All species were sub-cultured using aseptic technique in ferrous ion 
or tetrathionate ion media for at least five batch culture cycles before inoculation 
into test flasks.   
  
2.2  Behaviour of test species in media with ferrous and tetrathionate 
present 
  
All test species, except At. ferrooxidans, were cultured in BSM–YE medium 
prepared with either high or low iron concentrations.  The high iron medium had 
35 mM of ferrous (9.71 g L
-1 ferrous sulfate) and 2.5 mM potassium tetrathionate 
(0.75 g L
-1) present.  The low iron medium had 2.5 mM ferrous   
(0.69 g L
-1  ferrous sulfate) and 2.5 mM potassium tetrathionate  
(0.75 g L
-1) present.  At. ferrooxidans was cultured in identical media only yeast 
extract was not added.  Aliquots of 100 mL were transferred into sterile 250 mL 
Erlenmeyer flasks using aseptic techniques.  Test flasks were inoculated with 
either tetrathionate- or iron-adapted cells and incubated at their respective growth 
temperatures.  Cultures were agitated in a rotating bed shaker (Innova model 
4400) at 150 rpm.  Aliquots (3 mL) for solution analysis and bacterial 
enumeration were removed periodically.  Cell counts were performed 
immediately after sampling and samples were filtered through a 0.2 µm syringe 
filter.  Samples were stored in a fridge at 4 °C before ferrous ion and polythionate 
analysis.  Conditions and inocula used in the high or low iron test media were 
uniform across the set.  Tests performed to evaluate growth on yeast extract were 
prepared identically but no ferrous sulfate or tetrathionate was added to the                                                                                                               
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medium.  Final cell counts reported were performed after the cultures had reached 
a stationary growth phase. 
 
2.2.1  Addition of ferrous during growth on tetrathionate 
 
A 100 mL aliquot of BSM-YE medium supplemented with 0.75 g L
-1 
potassium tetrathionate was transferred to a 250 mL Erlenmeyer flask.  Flasks 
were inoculated with tetrathionate-adapted  Sb. thermosulfidooxidans  and 
Sb.xsibiricus.  The cultures were agitated in a rotating bed shaker (Innova model 
4400) at 150 rpm and maintained at 45 °C.  After significant tetrathionate 
utilisation was measured, a 20 mL sample of culture was removed from each flask 
and 0.97 g of ferrous sulfate was dissolved.  The pH of the sample was measured 
and, after iron addition, concentrated sulfuric acid was added to readjust the pH to 
its original value.  Samples were taken periodically to enumerate cell 
concentrations and to provide samples for ferrous and polythionate analysis. 
 
2.2.2  Solution analysis 
 
Experimental samples had the solution potential measured at room temperature 
using a redox electrode (Ionode model IP1306) connected to a TPS mV meter 
(Smartchem model).  Ferrous ion concentrations were calculated using the method 
described during the studies of Pesic et al. (1989), Blight and Ralph (2004) and 
Watling  et al.  (2008).  Electrode calibration and total iron titrations were 
performed on sub-samples of the medium before tetrathionate was added.  The                                                                                                               
Chapter 2 – Materials and methods                                                                      41 
total iron concentration was determined by titrating with a standard potassium 
dichromate solution to an end point found potentiometrically.  It was assumed that 
all iron present in the fresh medium immediately after preparation was ferrous 
ions.  Experimental Nernstian constants of RT/nF and E
o were determined for the 
measuring electrode prior to analysing experimental samples.  During calibration 
the redox electrode was immersed in a 100 mL aliquot of the experimental 
solution at ambient temperature.  Additions of a hydrogen peroxide (H2O2, 
5x%xv/v) solution were made and the redox potential was measured.  This process 
was continued until all ferrous ions were oxidised to ferric ions.  For the purpose 
of the calibration, the quantity of peroxide added at a given point divided by the 
total amount added was assumed to represent the ferric/ferrous ratio.   
 
Concentrations of thiosulfate, trithionate, tetrathionate, pentathionate and 
hexathionate in solution were determined using high performance liquid 
chromatography (HPLC).  A Waters 2695 HPLC separation module utilising an 
Ionpac AS16 guard column, Ionpac AS16 ion exchange column and pump flow 
rate of 1.5 mL min
-1 was used.  The column temperature was maintained at 25x°C 
during analysis.  A 0.15 M sodium perchlorate solution was used as the eluent.  
All analytes were detected using a Waters 2996 Photodiode Array Detector at 
214xnm, except trithionate, which was detected and quantified at 192 nm (Jeffrey 
and Brunt 2007).  The software package “Empower” was used to integrate 
spectra. 
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2.3  Energetics of chemolithotrophic growth on tetrathionate 
 
Acidithiobacillus caldus  DSM 8584
T  was cultured in a minimal medium 
consisting of potassium tetrathionate as the sole energy source supplemented by 
macro and micro-nutrients.  A macro-nutrient concentrate was prepared consisting 
of 8.60 g L
-1  (NH4)2SO4, 1.80 g L
-1  K2HPO4  and 3.90 g L
-1  MgSO4.7H2O 
dissolved in de-ionised water and adjusted to pH 2.50 ± 0.05 with concentrated 
H2SO4.  A micro-nutrient concentrate consisting of 2.49 g L
-1  CoSO4.7H2O, 
2.81xgxL
-1 CuSO4.7H2O, 1.69 g L
-1 MnSO4.H2O, 1.77 g L
-1 (NH4)6Mo7O24.4H2O, 
2.62xgxL
-1 NiSO4.6H2O and 2.87 g L
-1 ZnSO4.7H2O was dissolved in de-ionised 
water and adjusted to pH 2.50 ± 0.05 with concentrated H2SO4.  The minimal 
medium was prepared by combining 10 mL of macro-nutrient concentrate and 0.5 
mL of micro-nutrient concentrate in 990 mL of pH 2.5 H2SO4 solution.  This 
solution was autoclaved at 121 °C, 120 kPa for 30 minutes.  After cooling, 0.75 g 
of potassium tetrathionate was dissolved in 30 mL of the autoclaved medium and 
filtered back into the 1 L solution using a 0.2 µm syringe filter to prepare the final 
medium.  
 
2.3.1  Culture maintenance and inocula preparation 
 
At. caldus was cultured routinely in the minimal medium providing inocula for 
the 1.0 L reactor experiments.  Cells were collected by filtering 100 mL of culture 
using 0.2 μm pore-size membranes.  These cells were resuspended in 20 mL of 
medium; 10 mL was added to the 1.0 L reactor (Section 2.3.2) and cell counts 
performed on the remainder.                                                                                                                
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2.3.2  Reactor culture growth experiments 
 
A jacketed glass reactor that contained 1.0 L of minimal medium was stirred 
and maintained at 45  °C.  The solution was sparged with air at a rate of 
1 mL min
-1.  The pH of the medium in the 1.0 L reactor was monitored but not 
controlled by the addition of acid or base.  Optical density was determined using a 
5.0 cm path-length in-situ photometer at a wavelength of 638 nm (Candy et al. 
2009).  Data from the optical and pH probes were logged continuously via a data-
taker (DT50) over the course of the batch culture cycle.  The pH probe was 
calibrated using buffers at pH 1.00, 1.68, 2.00, 3.56 and 4.00 that were warmed at 
45 ± 0.5 ºC.  Periodic cell counts were made to check the calibration between the 
optical probe readings and cell numbers.  A Gilson 222 XL Liquid Handler was 
used to sample 4 mL from the reactor every three hours to provide samples for 
HPLC analysis.  HPLC analysis was performed as described in Section 2.21.   
Bacterial activity in these samples was quenched through the addition of 1 mL of 
saturated sodium chloride (NaCl) solution. 
 
2.3.3  Qualitative determination of sulfur 
 
At.xcaldus was cultured in a medium with 20 mM of potassium tetrathionate, 
prepared otherwise identically to that described in Section 2.3.  During culture 
growth precipitate was observed in the culture solution.  The culture medium was 
centrifuged at 3000 rpm, the medium decanted and solid precipitate collected.                                                                                                                
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The precipitate was washed with pH 2.0 sulfuric acid 3 times, followed by de-
ionised water 3 times.   
 
The precipitate was dried at 30 °C for 16 hours and mounted on carbon tape for 
SEM visualisation.  Analysis of the precipitate was performed using a JEOL 
(JSM-5800LV) scanning electron microscope (SEM).  The SEM was operated at 
20 kV with a working distance of 11 mm.  SEM-EDX analysis was performed and 
the precipitate qualitatively identified as sulfur (Appendix B). 
 
2.3.4   Determination of cell mass 
 
The correlation between cell numbers and dry cell mass was determined by 
filtering  2.0  L  volumes  of  cell  culture  through  0.2  μm  pore-size  membranes.  
Before filtering culture medium filter papers were dried under vacuum at room 
temperature to a constant weight.  After culture growth, but before filtration, the 
solution was analysed using HPLC to verify that all reduced sulfur compounds 
were utilised.  Final cell numbers were enumerated by cell counting.  After 
filtration the filter papers and cell cake were dried under vacuum at ambient 
temperature to a constant weight. 
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2.3.5   Determination of planktonic and sessile cells 
 
The quantity of sessile bacteria attached to the glass reactor walls was 
estimated by total DNA extraction of planktonic and sessile populations.   
Planktonic  cells  were  harvested  by  filtration  through  a  0.2  μm  pore-size 
membrane and resuspended in a pH 1.8 sulfuric acid solution.  DNA was 
extracted using a modified method described in Plumb et al. (2001).  Cell lysis 
was achieved using lysozyme.  DNA was quantified using a NanoDrop 
spectrophotometer as described in Zammit et al. (2008).  Attached bacteria were 
detached from the reactor walls via agitation with a 1 % (v/v) Tween 20 detergent 
solution for 45 minutes.  Cells were collected and DNA quantified identically to 
planktonic cells.  Attached cell numbers were estimated to be less than 2.5 % of 
total planktonic cell numbers. 
 
2.3.6  Reactions of thiosulfate, tetrathionate and sulfite 
 
All  solutions were prepared in the minimal medium basal salt background 
(Section 2.3).  Solutions containing tetrathionate were prepared by dissolving 
0.75 g L
-1 of potassium tetrathionate in the basal salts solution.  Solutions with 
thiosulfate present had 0.19 g L
-1  (1 mM) of potassium thiosulfate (K2S2O3) 
added.  Sulfite solutions were prepared by dissolving 0.16 g L
-1  (1 mM) of 
potassium sulfite in the basal salts medium.  All solutions were agitated in a 
rotating bed shaker (Innova model 4400) at 150 rpm.      
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Thiosulfate and polythionate concentrations were measured as described 
previously (Section 2.2.2).  Sulfite concentrations were quantified by HPLC-IC 
analysis using the method described by Breuer et al. (2009).  A Waters 2695 
HPLC separation module utilising Dionex IonPac AG17C and AG20 guard 
columns, Dionex IonPac AS17 ion exchange column and pump flow rate of 
1 mL min
-1 was used.  Sulfite concentrations were measured using suppressed 
conductivity detection (Dionex AMMS 300 suppressor and a Waters 432 
conductivity detector).  A sodium hydroxide/acetonitrile mixture was used as the 
eluent with a step change gradient method adopted.  The gradient profile used is 
detailed in Breuer et al. (2009).  Strongly adsorbed anions trapped in the guard 
column were back-flushed offline using a switching value during analysis with 
100 mM sodium hydroxide and 0.5 mM sodium cyanide.  The software package 
“Empower” was used to integrate spectra. 
 
2.3.7  Chemical oxygen demand tests 
 
Chemical oxygen demand tests were performed using a modified method based 
on that described by the American Public Health Association (2005).  A 20 mL 
aliquot of culture, either filtered through a 0.2xµm membrane filter or unfiltered, 
was digested with 2 mL of a potassium dichromate (K2Cr2O7)  solution 
(9.57 ×10
-3 M).  After digestion the solution was titrated to an end point using a 
ferrous ammonium sulfate ((NH4)2SO4)Fe(SO4)2) solution (3.26x×10
-2  M).  A 
potentiometric end point was detected using a redox probe (Ionode model IP1306) 
attached to a TPS pH-mV meter (TPS – Smartchem model).                                                                                                               
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2.4  Behaviour of test species in the presence of potassium nitrate 
 
Test flasks were prepared using the high iron medium described in Section 2.2.  
Iron and tetrathionate-adapted test species were used as inocula and an initial 
concentration of approximately 1 ×10
6 cells mL
-1 was achieved.  Potassium nitrate 
(KNO3) was dissolved in the medium at concentrations of 10, 20, 30 and 40 mM 
(1.01, 2.02, 3.03 and 4.04  g L
-1  respectively).  Ferrous ion and polythionate 
determinations were performed as described previously in Section 2.2.2.   
Potassium nitrate at these concentrations did not significantly alter the calibration 
constants found for the ferrous ion medium.  Nitrate concentrations were 
determined over the course of batch cultures using Dionex ICS-3000 HPLC 
system.  Samples were initially passed through a CIRA (11AS) separation module 
before running through an Ionpac AS19 column and determined with a 
conductivity detector.  A pump flow rate of 1 mL min
-1 and temperature of 30 °C 
were maintained.  Nitrate concentrations did not change significantly over the 
duration of the experiment (Appendix C).  
 
2.5  Bioleaching chalcopyrite concentrate in the presence of potassium 
  nitrate 
 
Chalcopyrite concentrate used in bioleaching tests (originally sourced from 
Mount Isa Mines) was prepared by isolating the 91–106 μm size fraction from the 
concentrate bulk, washing the material twice with ethanol to remove residual 
flotation reagents and then twice with boiling water to remove any remaining 
ethanol.  Washed chalcopyrite was dried at 30 °C overnight.  The major elements                                                                                                               
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present in the concentrate are detailed in Table 2.1.  The flask tests comprised of 
1x% (w/v) chalcopyrite concentrate in 100 mL of BSM–YE medium incubated at 
30, 45 and 60 °C in an Innova shaker with a rotation speed of 150 rpm.  Flasks 
had potassium nitrate added to give final concentrations of 10, 20, 30, 40 and 
50 mM (1.01–5.05 g L
-1).  Mineralogical characterisation of the chalcopyrite 
concentrate can be found in Appendix D.   
 
Table 2.1: Elemental composition (%) of chalcopyrite concentrate used during 
bioleaching testwork. 
Cu  Fe  S  Si  Mg  Al  Zn 
24.5  25.9  28.6  5.19  0.95  0.32  0.11 
 
2.5.1  Preparation of test flask inoculum 
 
Inocula for test flasks were prepared by taking 100 mL of each tetrathionate-
adapted test species and adding pH 1.8 sulfuric acid to dilute the cell 
concentration to approximately 5 ×10
7 cells mL
-1.  An aliquot of 20 mL was 
removed from each adjusted culture sample and mixed together to give an 
inoculum source with approximately equal starting numbers of each test species.  
A volume of 2 mL was taken from this mixed inoculum and was used in the 30 
and 45 °C tests to give approximate starting numbers of 1 ×10
6 cells mL
-1.  Tests 
run at 60 °C had an inoculum comprised of tetrathionate-adapted S. metallicus and 
A. brierleyi in approximately equal numbers.  The starting cell concentration in 
test flasks at 60x°C was also 1 ×10
6 cells mL
-1.  
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2.5.2  Solution analysis 
 
Before sampling, flasks were allowed to cool then weighed and adjusted for 
evaporation loss with de-ionised water.  Samples were removed periodically and 
cell counts performed before samples were filtered through a 0.2xμm  syringe 
filter.  Redox potentials were measured as described in Section 2.0.  Samples for 
copper analysis were prepared by taking a 1 mL aliquot of the sampled solution 
and diluting it with 10 mL of a 3x% (v/v) nitric acid solution.  The solution was 
then made up to 100 mL with de-ionised water in a volumetric flask.  Copper was 
measured using a Varian flame atomic absorption spectrophotometer at 234.8 nm 
with a slit width of 0.5 nm.  An air/acetylene mixture was used as the oxidising 
gas.                                                                                                             
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Chapter 3 Culture behaviour during growth on ferrous and 
tetrathionate ions 
 
Summaries of bacterial and archaeal test species behaviour, when provided 
with both ferrous ions and tetrathionate ions, are presented in Table 3.2 and 
Table 3.5.  In these summaries, the term ‘sequential’ substrate utilisation describes 
results where less than 20 % of the second substrate has been oxidised upon the 
exhaustion of the initial substrate.  ‘Concurrent’ substrate utilisation describes 
experiments where more than 20 % of the second substrate has been oxidised at 
the exhaustion of the primary substrate.  The term ‘diauxic growth’ refers to a 
pattern where an initial stage of cell growth is separated from a subsequent stage 
by a lag period (Pirt 1975).  When a single exponential stage of growth was 
observed during growth on both substrates it is referred to as ‘ideal’ growth.  In 
some experiments the growth pattern did not fit the diauxic or ideal descriptors, 
being a mixture of the two, the term 'mixed growth' is used to describe these 
results.  The lag time in these discussions is defined as the period of time before 
the substrate oxidation rate is 25 % greater than the background chemical 
oxidation rate (Appendix E).  The descriptor ‘substrate exhaustion’ refers to a 
solution where less than 5 % of the designated substrate remains in solution.  Two 
different experimental conditions were examined, one with a high iron 
concentration present, where equal quantities of electrons were supplied by the 
substrates (EE) and a second low iron condition where equal molar quantities of 
substrates were present (EM).   
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3.1  Electron equivalent (EE) medium batch culture experiments 
 
Under the first set of conditions test species were presented with 35 mM of 
ferrous ions and 2.5 mM of tetrathionate ions.  Although these choices were 
arbitrary, the complete oxidation of each substrate will transfer the same number 
of electrons to the oxidising agent.  Kelly (1999) proposed that only the step 
where sulfite is oxidised to sulfate provides electrons for energy generation 
(Section 1.4.3).  Depending whether tetrathionate or sulfite is oxidised to sulfate, 
different total quantities of electrons will be available for growth (Table 3.1).  If 
tetrathionate is oxidised to sulfate, 14 electrons can be supplied per molecule of 
the substrate.  If tetrathionate is fully converted to sulfite, which is turn is oxidised 
to sulfate, then 8 electrons will be available to pass through the electron transport 
chain per molecule of tetrathionate.  Including the electrons from iron oxidation 
(35 mM), this allows up to 70 mM of electrons to be supplied if tetrathionate is 
oxidised to sulfate and up to 55 mM of electrons if sulfite is the substrate.  A 
complete summary of the patterns of substrate utilisation and growth is detailed in 
Table 3.2. 
 
Table 3.1:  Sources of electrons and total quantities available during the growth of 
chemolithotrophs cultured in EE medium. 
Oxidative 
couple 
Quantity 
present in 
medium (mM) 
Electrons available 
from oxidation 
(mM) 
Total number of 
electrons supplied 
(mM) 
Fe
2+/Fe
3+  35  1  35 
S4O6
2-/ SO4
2-  2.5  14  35 
SO3
2-/SO4
2-  10  2  20                                                                                                           
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Table 3.2: Summary of test species behaviour when grown in the presence of 
35  mM of ferrous ions and 2.5 mM tetrathionate ions.  Growth and substrate 
utilisation observations are presented relative to adaptive history. 
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Iron-adapted
Ideal Growth
(one stage of growth)
Diauxic Growth
(two stages of growth)
Sequential Substrate Utilisation    
Concurrent Substrate Utilisation   
Ferrous oxidation commences
before tetrathionate oxidation
Tetrathionate oxidation commences
before ferrous oxidation
Tetrathionate-adapted
Ideal Growth
(one stage of growth)
Diauxic Growth
(two stages of growth)
Sequential Substrate Utilisation  
Concurrent Substrate Utilisation      
Ferrous oxidation commences
before tetrathionate oxidation
Tetrathionate oxidation commences
before ferrous oxidation
 ,denote unambiguous results; o denotes mixed result
Bacterial species Archaea
 

 

 o 

 

*A viable S. metallicus cell line could not be established on ferrous media.
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3.1.1  Substrate utilisation and growth patterns 
 
Iron-adapted cultures of Sb. acidophilus,  Sb. thermosulfidooxidans  and 
M.xhakonensis  exhibited diauxic growth patterns.  Iron-adapted species 
demonstrating diauxic growth were observed to have sequential substrate 
oxidation patterns.  In these experiments ferrous ion oxidation took place before 
tetrathionate utilisation.  Ideal growth patterns were exhibited by iron-adapted 
cultures of At. ferrooxidans, Sb.xsibiricus, Sb. thermotolerans and A. brierleyi.  
When ideal growth patterns were observed, concurrent substrate utilisation took 
place, except for cultures of Sb.  thermotolerans,  in which ideal growth and 
sequential substrate utilisation were observed.  
 
Only two tetrathionate-adapted cultures exhibited a diauxic pattern, these were 
Sb. thermosulfidooxidans and M. hakonensis.  All other test species demonstrated 
an ideal growth pattern and utilised both substrates concurrently.  Species 
demonstrating diauxic growth displayed sequential substrate oxidation patterns, 
with ferrous ions oxidised preferentially. 
 
Substrate utilisation and cell growth patterns were not strongly correlated with 
adaptive history.  The only species exhibiting any difference between iron- and 
tetrathionate-adaption were Sb. acidophilus  and  Sb. thermotolerans.  
Sb.Xacidophilus  demonstrated different growth patterns, growing in a diauxic 
pattern when adapted to iron and in an ideal growth pattern when adapted to 
tetrathionate.  Sb.xthermotolerans also had substrate utilisation patterns affected                                                                                                           
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by adaptive history, exhibiting sequential substrate utilisation when adapted to 
iron and concurrent utilisation when adapted to tetrathionate.  
 
Test species that demonstrated diauxic growth patterns had planktonic cell 
numbers enumerated during each phase of growth (Figure 3.1).  All species 
generated approximately 4 ×10
7  cells mL
-1  from the oxidation of the first 
substrate, ferrous ions.  After exhaustion of tetrathionate final cell concentrations 
were typically 8–9 ×10
7 cells mL
-1.   
 
Species demonstrating ideal growth patterns generated similar quantities of 
planktonic cells regardless of adaptive history.  At. ferrooxidans generated the 
greatest concentration of cells at the end of the batch culture 
 (9.5–11 ×10
7  cells mL
-1) and  A. brierleyi  the least  (4–5 ×10
7  cells mL
-1).   
Sb. thermotolerans was the only species that exhibited a significant difference due 
to adaptive history, where the tetrathionate-adapted cell line was observed to 
generate a significantly greater quantity of cells after complete oxidation of the 
substrates. 
 
Observed cell numbers were equivalent between ideal and diauxic growth, 
with the exceptions of A. brierleyi and iron-adapted Sb. thermotolerans, which 
both generated approximately half the cell numbers of other test species.   
Utilisation of both ferrous ions and tetrathionate ions during diauxic growth 
appeared to give rise to similar numbers of cells.                                                                                                           
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Figure  3.1:  Cell concentrations, under EE conditions, observed after an ideal 
growth phase ( ), after the first stage of diauxic growth (□) and after the second 
stage of diauxic growth (■).  Fe and S symbols refer to iron (Fe) or tetrathionate 
(S) adaptation. *A viable S. metallicus cell line could not be adapted to iron.  
 
3.1.2  Effect of adaptive history on substrate utilisation 
 
Adaptive history influenced the substrate exhaustion and lag times of all 
species tested (Table 3.3).  Iron-adapted cultures of At. ferrooxidans  required 
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equivalent time periods to oxidise ferrous ions, although the lag time before 
ferrous ion oxidation began was significantly longer in the tetrathionate-adapted 
cell line.  The tetrathionate-adapted cell line of At. ferrooxidans had an increased 
average rate of tetrathionate utilisation when compared to the iron-adapted cell 
line, despite similar lag times observed between the two adaptations.   
Sb.xacidophilus  demonstrated similar lag times and rates of iron oxidation 
irrespective of adaptive history.  Tetrathionate exhaustion times in cultures of 
Sb.xacidophilus  differed, the tetrathionate-adapted cell line taking 25 hours 
compared to 40 hours in the iron-adapted culture.  Lag times were also increased 
in the iron-adapted culture.  The iron-adapted cell line of Sb. sibiricus oxidised 
ferrous ions over a period of 13 hours, compared to 33 hours observed during 
growth in the tetrathionate-adapted culture.  Comparable lag times before ferrous 
ion oxidation was measured were observed in both cell lines of Sb. sibiricus.  
Tetrathionate exhaustion took equivalent periods of time and lag times were 
similar.  Both iron and tetrathionate-adapted cultures of Sb.xthermosulfidooxidans 
demonstrated similar exhaustion and lag times with respect to ferrous ion 
oxidation.  Tetrathionate-adapted cell lines of Sb.xthermosulfidooxidans utilised 
tetrathionate over a shorter period of time, taking 43 hours compared to 94 hours 
in the iron-adapted cell line.  Cultures of Sb.xthermotolerans exhausted ferrous 
ions in similar periods of time, although lag times were greater in the 
tetrathionate-adapted culture.  The period of time required for tetrathionate 
exhaustion was also similar, although longer lag times were observed in the iron-
adapted culture before tetrathionate utilisation took place. 
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Table 3.3: A comparison of the time required for test species to exhaust 35 mM of 
ferrous ions and 2.5 mM of tetrathionate.  Lag times before substrate utilisation 
are also presented.  Significant differences (>10 hours) are highlighted in the 
table. 
 
Ferrous ions were exhausted by iron- and tetrathionate-adapted cell lines of 
A.xbrierleyi  within equivalent periods of time, but lag times before ferrous 
oxidation began were noticeably longer in tetrathionate-adapted  cultures.  
Tetrathionate exhaustion and lag times were similar in both adaptations of 
A.xbrierley.  No difference in ferrous ion exhaustion and lag times were seen when 
comparing the two M. hakonensis cell lines.  However, tetrathionate utilisation 
was more rapid in the iron-adapted cell line, taking 45 compared to 64 hours, 
despite a longer lag time observed.    
 
Of the bacterial and archaeal species examined, no reports were found 
documenting the growth of organisms in the presence of both ferrous ions and 
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Time required for ferrous exhaustion (hours)
Iron-adapted  48 24 13 23 32 72 25
Tetrathionate-adapted  48 19 33 23 24 73 25 59
Lag time (Iron-adapted) 17 25 11 12 12 29 22
Lag time (Tetrathionate-adapted) 35 25 16 12 25 40 25 22
Time required for tetrathionate exhaustion (hours)
Iron-adapted  48 40 24 94 40 111 45
Tetrathionate-adapted  36 25 24 43 35 116 64 31
Lag time (Iron-adapted) 30 43 11 20 43 29 37
Lag time (Tetrathionate-adapted) 24 15 16 20 25 24 25 11
*A viable S. metallicus cell line could not be established on ferrous medium.                                                                                                          
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tetrathionate.  Published reports concerning growth in the presence of elemental 
sulfur and ferrous ions were found only for At. ferrooxidans (Section 1.6).  The 
observations of Landesman et al. (1966), Espejo and Romero (1987) and Das et 
al. (1993) were consistent with the behaviour of At. ferrooxidans observed during 
this study.  It was observed that all cultures demonstrated either preferential or 
concurrent ferrous ion oxidation.  Preferential oxidation of tetrathionate was not 
exhibited during any of the experiments. 
 
3.2  Equal molar (EM) medium batch culture experiments 
 
The behaviour of the test species was observed in a medium containing equal 
molar amounts of ferrous and tetrathionate ions (2.5 mM).  This medium has less 
iron present than the EE medium (Section 3.1).  The EM medium provided 
significantly more electrons from the oxidation of tetrathionate than from ferrous 
ions (Table 3.4).  A summary of the observations during these tests is presented in 
Table 3.5. 
 
Table 3.4:  Sources of electrons and total quantities available during the growth of 
chemolithotrophs on EM medium. 
Oxidative 
couple 
Quantity 
present (mM) 
Electrons available 
from oxidation 
(mM) 
Total number of 
electrons supplied 
(mM) 
Fe
2+/Fe
3+  2.5  1  2.5 
S4O6
2-/ SO4
2-  2.5  14  35 
SO3
2-/SO4
2-  10  2  20 
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Table 3.5:  Summary of test species behaviour when grown in the presence of 
2.5  mM of ferrous and tetrathionate ions.  Growth and substrate  utilisation 
observations are presented relative to adaptive history.  
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3.2.1 Substrate utilisation and growth patterns 
 
Iron-adapted cell lines of Sb. thermosulfidooxidans, Sb.  thermotolerans and 
M.xhakonensis  exhibited clear diauxic growth patterns.  At. ferrooxidans, 
Sb.xacidophilus, Sb. sibiricus and A. brierleyi demonstrated mixed growth patterns 
that appeared to be a combination of diauxic and ideal growth.  Species which 
displayed diauxic growth patterns also demonstrated sequential substrate 
oxidation, with ferrous ions oxidised before tetrathionate.  No iron-adapted 
species exhibited a clear single phase of growth.  
 
Tetrathionate-adapted cultures of Sb. thermosulfidooxidans, 
Sb.xthermotolerans  and  M. hakonensis  clearly displayed diauxic growth.   
At.xferrooxidans, Sb. acidophilus, Sb. sibiricus, A. brierleyi and S. metallicus all 
demonstrated ideal growth with concurrent utilisation of ferrous and tetrathionate 
ions.  Sb. thermosulfidooxidans and M. hakonensis conserved their diauxic pattern 
irrespective of adaptive history.  As the growth patterns of At. ferrooxidans, 
Sb.xacidophilus, Sb. sibiricus, Sb. thermotolerans were mixed, a comparison of 
growth history with respect to substrate utilisation was not made.  
 
Cell counts were conducted to compare the planktonic cell numbers observed 
during ideal and diauxic growth (Figure 3.2).  Species that grew in a diauxic 
pattern were expected to exhibit a significantly higher cell numbers from the 
second stage of growth, during which the oxidation of tetrathionate to sulfate took 
place (Table 3.4).  
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Figure  3.2: Cell concentrations, under EM conditions, observed after an ideal 
growth phase ( ), after the first stage of diauxic growth (□), after the second 
stage of diauxic growth (■) and after mixed growth ( ).  Fe and S symbols refer 
to iron (Fe) or tetrathionate (S) adaption. *A viable S. metallicus cell line could 
not be adapted to iron.  
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Iron-adapted test species which demonstrated diauxic growth included 
Sb.xthermosulfidooxidans, Sb. thermotolerans and M. hakonensis.  During each 
stage of growth approximately equal quantities of cells were generated in cultures 
of  M. hakonensis.  Sb. thermosulfidooxidans  generated larger amounts of 
planktonic cells during tetrathionate utilisation compared to ferrous ion oxidation, 
and Sb. thermotolerans the reverse.  Final cell concentrations were varied, with 9, 
2.4 and 6.9 ×10
7 cells mL
-1 measured in cultures of Sb. thermosulfidooxidans, 
Sb.xthermotolerans  and  M. hakonensis, respectively.  Iron-adapted cultures of 
At.xferrooxidans, Sb. acidophilus, Sb. sibiricus and A. brierleyi all demonstrated 
mixed growth patterns.  These test species had final cell concentrations of 4.3, 11, 
5.1 and 4.6 ×10
7 cells mL
-1 respectively. 
 
Tetrathionate-adapted species that grew in a diauxic growth pattern 
demonstrated greater cell yields from the oxidation of tetrathionate compared to 
ferrous ions.  Final planktonic cell numbers of Sb. thermosulfidooxidans  and 
M.xhakonensis  were 7.6 and 9.9 ×10
7  cells mL
-1, respectively.  A. brierleyi 
exhibited a lower final concentration of 5 ×10
7 cells mL
-1.  S. metallicus and 
Sb.xsibiricus grew in ideal growth patterns generating final cell concentrations of 
7.1 and 10 ×10
7  cells mL
-1, respectively. The test species At. ferrooxidans, 
Sb.xacidophilus and Sb. thermotolerans exhibited mixed growth patterns.  These 
species generated final cell concentrations of 11, 9.4 and 7.5 ×10
7 cells mL
-1.  
These final cell yields are similar to
 the values observed in the EE batch culture 
experiments.  
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3.2.2  Effect of adaptive history on substrate utilisation  
 
Adaptive history had a greater influence on rates and lag times observed during 
tetrathionate utilisation compared to ferrous ion oxidation (Table 3.6).  Both 
adaptations of At.xferrooxidans  oxidised ferrous ions at a comparative rate, 
exhausting ferrous in approximately 40 hours.  Lag times before ferrous ion 
oxidation began were shorter in the iron-adapted culture.  Tetrathionate oxidation 
was significantly faster in the tetrathionate-adapted cultures.  All Sulfobacillus 
species had lag times before ferrous ion oxidation unchanged by growth history.  
Oxidation rates varied in cultures of Sb. thermotolerans and Sb. acidophilus.  The 
time required for tetrathionate utilisation was markedly longer in iron-adapted 
Sulfobacillus species, except for Sb. sibiricus.  Lag times and the period required 
for ferrous ion oxidation was unchanged by adaptive history in cultures of 
M.xhakonensis and A. brierleyi.  Tetrathionate utilisation was affected by adaptive 
history, with iron-adapted cultures of A. brierleyi  and tetrathionate-adapted 
cultures of M. hakonensis exhausting the substrate in a shorter period. 
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Table  3.6:  A comparison of the time required for test species to exhaust 
2.5 mM of ferrous and tetrathionate ions.  Lag times before substrate oxidation are 
also presented.  Significant differences (>10 hours) are highlighted in the table. 
 
 
3.3  Addition of ferrous ions during growth on tetrathionate 
 
Previous batch culture investigations had both substrates, ferrous and 
tetrathionate ions present at the point of inoculation (Section 3.1 and Section 3.2).  
The effect of ferrous ion addition during tetrathionate utilisation was investigated. 
The organisms Sb.xthermosulfidooxidans and Sb. sibiricus were chosen as they 
demonstrated different behaviour in media containing both ferrous and 
tetrathionate ions.  Sb.xthermosulfidooxidans  consistently demonstrated diauxic 
growth, with preferential oxidation of ferrous ions (Table 3.2 and Table 3.5).   
Sb.xsibiricus demonstrated concurrent utilisation of both substrates, regardless of 
the conditions.  Both organisms were initially cultured on tetrathionate with 
 
 
A
t
.
 
f
e
r
r
o
o
x
i
d
a
n
s
 
 
S
b
.
 
a
c
i
d
o
p
h
i
l
u
s
 
 
S
b
.
 
s
i
b
i
r
i
c
u
s
 
 
S
b
.
 
t
h
e
r
m
o
s
u
l
f
i
d
o
o
x
i
d
a
n
s
 
 
S
b
.
 
t
h
e
r
m
o
t
o
l
e
r
a
n
s
 
 
A
.
 
b
r
i
e
r
l
e
y
i
 
 
 
M
.
 
h
a
k
o
n
e
n
s
i
s
 
 
 
S
.
 
m
e
t
a
l
l
i
c
u
s
*
Time required for ferrous exhaustion (hours)
Iron-adapted  41 24 24 34 29 37 12
Tetrathionate-adapted  50 35 20 34 41 45 15 21
Iron-adapted lag time 0 25 0 0 19 16 6
Tetrathionate-adapted lag time 19 25 0 0 19 20 6 16
Time required for tetrathionate exhaustion (hours)
Iron-adapted  57 44 24 113 70 100 65
Tetrathionate-adapted  44 28 29 68 33 115 47 31
Iron-adapted lag time 30 48 11 23 43 40 31
Tetrathionate-adapted lag time 19 12 0 25 39 49 42 11
*A viable S. metallicus cell line could not be established on ferrous medium.                                                                                                          
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ferrous ions added after significant tetrathionate utilisation was measured (Figure 
3.3). 
 
After the addition of ferrous ions to cultures of Sb. thermosulfidooxidans the 
concentration of ferrous was seen to decrease and was completely oxidised over 
the period from 39–67 hours (Figure 3.3A).  During the time period where ferrous 
ion oxidation took place the total concentration of soluble polythionates was 
comparatively  stable.  After ferrous ion exhaustion total polythionate 
concentrations decreased at an increased rate.  The data indicates that 
Sb.xthermosulfidooxidans preferentially oxidised ferrous ions, even when actively 
utilising a soluble sulfur substrate. 
 
A culture of Sb.xsibiricus  that had ferrous ions added exhibited concurrent 
oxidation of both substrates.  Ferrous ions and remaining polythionates were 
oxidised over a period of 23 hours (Figure 3.3B).  The total concentration of 
soluble polythionate species present continued to decrease during the period over 
which ferrous ions were oxidised. No decrease in the rate of utilisation was 
observed indicating a preference for ferrous ions.                                                                                                           
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Figure  3.3:    Changes  to  ferrous  ions  (◊)  and  total  reduced  sulfur,  present  as 
polythionates (■), concentrations during the growth of Sb. thermosulfidooxidans 
(A) and Sb. sibiricus (B) in tetrathionate media.  Ferrous sulfate (9.71 g L
-1) was 
added to cultures of Sb. thermosulfidooxidans after 39.25 hours and cultures of  
Sb. sibiricus after 16 hours, to investigate the effect on a culture actively utilising 
tetrathionate. 
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 3.4  Reconciliation of planktonic cell numbers 
 
Despite the error inherent in cell count estimations (ca. 25x%), these results 
(Figure 3.2 and Figure 3.5) indicate that similar cell numbers were generated from 
complete utilisation of both substrates.  Additionally, planktonic cell numbers 
were not consistently proportional to the total quantity of reduced substrate 
present in the media tested.  During growth in EM medium approximately half the 
numbers of electrons were supplied in comparison to the EE medium (regardless 
of the sulfur oxidative couple) and it was expected that the number of planktonic 
cells generated would reflect this.  This was only observed in iron-adapted 
cultures of At. ferrooxidans, Sb. sibiricus and Sb.xthermotolerans.  All other iron- 
and tetrathionate-adapted cultures generated similar quantities of planktonic cell 
numbers regardless of the concentration of ferrous ions present. 
 
3.4.1  Influence of yeast extract on growth 
 
The presence of yeast extract in the growth medium was potentially a 
complicating factor when interpreting the observed cell yields.  A series of tests 
were conducted investigating the growth of test species in EE media with and 
without yeast extract in the medium (Table 3.7).  Supplementary experiments 
were conducted to evaluate growth of test species solely on yeast extract.   
At.xferrooxidans was not included in these experiments as it is a strict autotroph. 
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Table 3.7: A comparison of final planktonic cell numbers in EE media with and 
without yeast extract.  Growth on a yeast medium is also presented for 
comparison.  All values are reported as ×10
7 cells mL
-1.   
 
 
Only the four Sulfobacillus test species grew exclusively on the yeast extract 
medium.  Cell numbers observed were low, ranging from 0.2–0.7 ×10
7 cells mL
-1.  
These data indicated that any heterotrophic growth does not significantly 
influence the total numbers seen at the end of the batch culture, within the errors 
associated with cell counting.  Test species cultured in EE media with and without 
yeast demonstrated comparable numbers, except cultures of A. brierleyi where 
growth was not observed without the presence of both yeast extract and reduced 
inorganic substrates. 
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3.5  Polythionate speciation patterns 
 
The utilisation of tetrathionate by all test organisms tested generated similar 
patterns of polythionate formations regardless of the organism, adaptive history, 
temperature or iron concentration present.  The patterns matched those observed 
during the growth of At. caldus  (Section 4.1).  Polythionate species detected 
included trace amounts of thiosulfate and significant quantities of pentathionate 
and hexathionate (Appendix F and Appendix G).  Low levels of trithionate were 
detected in cultures inoculated with Sb. thermotolerans  (1 ×10
-5  M).  Trace 
concentrations of pentathionate were detected in cultures before significant 
tetrathionate oxidation took place and were attributed to chemical oxidation 
(Appendix E).  As polythionate generation patterns for all organisms were similar, 
it was assumed that a common mechanism of tetrathionate oxidation to sulfate 
was utilised.  The mechanism and bacterial actions relating to tetrathionate 
utilisation are discussed at length in Chapter 4 and in Section 1.4.3. 
 
3.6  Summary  
 
During the investigations into bacterial behaviour in batch cultures containing 
ferrous ions and tetrathionate, three observations and conclusions relevant to both 
systems can be made:   
 
1.  Ferrous ions are either preferentially or concurrently oxidised in the 
presence of tetrathionate (Table 3.2 and Table 3.5). 
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Sb. thermosulfidooxidans and M. hakonensis consistently display preferential 
oxidation of ferrous ions before oxidation of tetrathionate, irrespective of the 
adaptive history or concentration of ferrous ions present.  This is consistent with 
genetic and biochemical models proposed by Amouric et al. (2009), Sandoval 
Ponce  et al.  (2011),  Sugio  et al.  (1989), and  Yarzàbal  et al.  (2004).   
At. ferrooxidans, Sb.xsibiricus, Sb. thermotolerans, Sb. acidophilus, A. brierleyi 
and S. metallicus all exhibit concurrent substrate utilisation under some of the 
conditions tested, demonstrating that this behaviour is more wide-spread than 
previously thought.  Systems of ferrous ion oxidation are proposed to vary 
between species (Section 1.4.2, Amouric et al. 2011), the results of this study 
(Table 3.2 and Table 3.5) may imply that different mechanisms regulating the 
activity of ferrous and tetrathionate oxidation may exist.  Exhaustion and lag times 
were affected by adaptive history, with tetrathionate utilisation processes affected 
to a greater extent (Table 3.3 and Table 3.6). 
 
Under no conditions was tetrathionate utilised preferentially to ferrous ions 
(Table 3.2 and Table 3.5).  Even when ferrous ions was added to cultures actively 
growing on tetrathionate no preferential usage of reduced sulfur was observed 
(Figure 3.3).  Sugio et al. (2009) hypothesised that ferric ions were required for 
growth on elemental sulfur or tetrathionate.  If ferric ions are required, then 
oxidation would take place preferentially or concurrently to supply them as 
required.  Alternatively, the biochemical processes supporting ferrous ion 
oxidation may be constitutively expressed.  However, this level of expression may 
vary under different conditions.                                                                                                            
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2.  The pattern of growth depends on the species, adaptive history and 
concentrations of substrate present (Table 3.5 and Table 3.5). 
 
The demonstration of ideal or diauxic growth was dependent on a number of 
factors, primarily the test species, growth history, and to an extent, the 
concentration of ferrous ions present.  Sb. thermosulfidooxidans  and 
M.xhakonensis  exhibited diauxic growth patterns regardless of the conditions 
tested.  Adaptive history influenced growth patterns of Sb. acidophilus  in EE 
(high ferrous ion concentration) medium; either diauxic or ideal growth are 
exhibited by cell lines adapted to iron or tetrathionate, respectively. 
Sb. thermotolerans and A. brierleyi demonstrate an ideal growth pattern in EE 
medium but a diauxic growth pattern in EM (low ferrous ion concentration) 
medium.  In the EM medium a number of test species demonstrate mixed growth 
patterns, indicating that the concentration of ferrous ions present may influence 
observed growth patterns. 
 
3.  Planktonic cell numbers are not consistently proportional to the 
number of electrons supplied by the substrate (Figure 3.1 and 
Figure 3.2). 
 
Growth under EE and EM conditions was seen to generate similar final 
planktonic cell concentrations.  Only iron-adapted cultures of At.xferrooxidans, 
Sb. sibiricus and Sb.xthermotolerans had approximately half the total number of 
planktonic cells in the EM medium, compared to EE medium.  The presence or 
absence of heterotrophic growth on yeast extract does not reconcile the 
observations of final planktonic cell numbers (Table 3.7).  Only the Sulfobacillus                                                                                                           
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species grew on yeast extract, though this resulted in low planktonic cell numbers 
and could not account for the discrepancies seen.   
 
The differences between observed and expected planktonic cell numbers can 
be investigated.  As the process of biological ferrous ion oxidation is 
comparatively well understood, the mechanism of tetrathionate oxidation to 
sulfate in this system warranted further investigation. 
                                                                                                             
Chapter 4 – Batch culture growth utilising tetrathionate                                      73 
Chapter 4  Batch culture growth utilising tetrathionate 
 
To investigate the variation observed in planktonic cell numbers (Figure 3.1 
and Figure 3.2) batch culture experiments were conducted to determine cell yields 
during tetrathionate utilisation.  As patterns of polythionate formation were 
consistent across all test species (Section 3.4) it was concluded that a common 
mechanism of tetrathionate degradation existed (Section 3.4).  Consequently, a 
single chemolithotrophic organism was chosen for the purposes of these 
investigations.  The moderate thermophile At.  caldus  was selected as it can 
oxidise reduced sulfur compounds without the potentially complicating 
requirements of reduced iron or carbon additives for growth.  The culture medium 
used was modified to contain the minimal quantity of basal salts and trace 
elements required for supporting growth with 2.5 mM of potassium tetrathionate 
as the sole energy source (Pirt 1975).  Optimisation of the modified medium is 
reported in Appendix H. 
 
4.1  Batch culture observations 
 
The medium was inoculated with At. caldus and during incubation cell growth 
and a corresponding increase in optical density was observed (Figure 4.1).  The 
pH fell from an initial starting point of 2.5 to approximately 1.9, while cell 
numbers increased from 1 ×10
6, to typically 3–5 ×10
7  cells mL
-1.  The 
tetrathionate concentration fell to zero after 60–80 hours (Figure 4.1).  Changes in 
tetrathionate concentration in uninoculated culture medium were insignificant 
over the same time period (Figure 4.1).  During the course of the batch culture,                                                                                                             
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analysis of the medium revealed the presence of pentathionate, hexathionate, 
thiosulfate and sulfite (Figure 4.2).  When At. caldus was cultured in medium 
containing 20  mM of potassium tetrathionate, elemental sulfur was detected 
visually in solution.  This was qualitatively verified as sulfur (Section 2.3.3). 
 
 
Figure 4.1: Cell numbers (×) and tetrathionate concentrations () throughout a 
typical batch culture cycle of At. caldus.  The rate of abiotic tetrathionate 
degradation under batch culture conditions is represented by the dark line. 
 
4.1.1  Polythionate formation during batch cultures 
 
Thiosulfate, penta-  and hexathionate were detected from the first sampling 
point after inoculation.  No trithionate was observed during any of the 
experiments.  Traces of sulfite were detected at low levels (<1 µM) and could not 
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be reliably quantified.  During the first 20 hours the increase in planktonic cell 
numbers was low, although a significant reduction in tetrathionate (approximately 
25 %) was observed during this period.  As the culture progressed tetrathionate 
was exhausted first, followed by pentathionate, thiosulfate and finally 
hexathionate (Figure 4.2). 
 
 
Figure 4.2: Polythionate concentrations over the course of a typical batch culture 
cycle.  Tetrathionate (), pentathionate (□), thiosulfate (×) and hexathionate (○). 
 
4.1.2  Mechanisms of polythionate formation during batch experiments 
 
The presence of thiosulfate, detected during batch culture growth, can be 
justified as a product of enzymatic tetrathionate hydrolysis (Section 1.4.3.2).  The 
formation of pentathionate, hexathionate and sulfite can potentially be explained 
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by the decomposition of thiosulfate, or reactions between thiosulfate and 
tetrathionate (Section 1.3.2.1).   
 
In order to examine whether the decomposition of thiosulfate could account for 
all observed intermediates a thiosulfate medium was prepared.  This medium 
contained 1 mM of thiosulfate in the place of tetrathionate and was incubated for 
80 hours.  Over this period thiosulfate decomposed producing a mixture of 
polythionates (Figure 4.3A).  Tetra-, penta- and hexathionate were all detected in 
solution, but no solid precipitates were observed at this concentration.  The 
formation of these polythionate species is consistent with the generation of sulfane 
monosulfonic acids (Section 1.3.2.1).  Subsequent reactions by these intermediate 
products can produce the observed polythionate species.  A mass balance, 
including thiosulfate, tetra-  penta-  and hexathionate, saw total reduced sulfur 
levels fall to 89 % of the starting concentration.  It was assumed that the 
remaining mass not accounted for comprised of sulfate, with trace quantities of 
sulfite and elemental sulfur. 
 
Another experiment was conducted, this time incubating both thiosulfate and 
tetrathionate (Figure 4.3B). Decreasing concentrations of tetrathionate and 
thiosulfate were coupled with increasing concentrations of pentathionate and 
hexathionate.  After the complete decomposition of thiosulfate, the system 
appeared to reach an equilibrium.  Quantities of penta- and hexathionate generated                                                                                                             
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were significantly greater than those seen in solutions with only thiosulfate 
present.   
 
If generation of penta- and hexathionate occurred exclusively via a thiosulfate 
decomposition pathway, involving monosulfonic acid intermediates (Section 
1.3.2.1), we would expect to measure an increase in tetrathionate present.   
Tetrathionate concentrations decreased in the presence of thiosulfate, indicating 
that penta- and hexathionate were formed predominantly via chain lengthening 
reactions between thiosulfate and polythionate molecules (Section 1.3.2.1).  A 
mass balance, including thiosulfate, tetra-, penta- and hexathionate, demonstrated 
the total concentration of reduced sulfur species was within 2 % of the starting 
concentration at all sample points (Figure 4.3B).  It can be inferred from this 
calculation that only small quantities of sulfite, sulfate or elemental sulfur were 
present at sampling points. 
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Figure 4.3: A: Decomposition of thiosulfate generating polythionate species.  B: 
Formation of polythionate species in solution with thiosulfate and tetrathionate 
initially present.  Tetrathionate (), pentathionate (□),  hexathionate  (○)  and 
thiosulfate (×).  The mass balance (■) represents remaining soluble reduced sulfur 
in the form of thiosulfate, tetra-, penta- and hexathionate. 
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The only enzymatic action required by At. caldus to form the detected sulfur 
species is hydrolysis of tetrathionate, generating thiosulfate ions.  All enzymatic 
studies, across a range of different organisms, agree that thiosulfate is a reaction 
product during hydrolysis of tetrathionate (Table 1.1).  If both thiosulfate and 
tetrathionate are present, then penta- and hexathionate will be formed via chain 
lengthening reactions.  The following sequence can account for the formation of 
all detected sulfur species. 
  
1.  At. caldus  will enzymatically hydrolyse tetrathionate forming 
thiosulfate ions (Equation 1.24).   
 
2.  Thiosulfate will react  with tetrathionate to form pentathionate and 
sulfite via a chain lengthening reaction (Equation 1.13 and 1.14).   
Thiosulfate must be released from the tetrathionate hydrolase enzyme 
back to the bulk solution for this to take place.  
 
3.  Thiosulfate will react with pentathionate via an identical mechanism to 
generate hexathionate and additional sulfite (Equation 4.1.  
 
S5O6
2– + S2O3
2–
  →  S6O6
2- + SO3
2–           (4.1) 
 
4.2  Yields from batch culture experiments 
 
A series of four replicate experiments, each with a 2.0 L volume of inoculated 
medium, were incubated until the tetrathionate present was exhausted 
(approximately 80 hours).  The concentration of cells was estimated via cell 
counts and the medium filtered using pre-weighed 0.2 µm pore-size membranes.  
The filter membranes, to which the cell cake adhered, were dried to a constant                                                                                                             
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weight in a vacuum desiccator.  The data was used to calculate the equivalence 
between cell numbers and dry weight.  Values of Yobs  were subsequently 
calculated for At. caldus cells cultured on tetrathionate (Table 4.1). 
 
Table 4.1:  Observed yields and cell number-dry weight correlation for At. caldus.  
Average and sample deviated values from four replicate experiments. 
  Average  Sample deviation 
Volume (L)  2.0  - 
Tetrathionate concentration (mM)  2.5  - 
Cell Numbers (cells mL
-1)  4.0 ×10
7  6.5 ×10
6 
Dry weight (g)  1.8 ×10
-2  2.6 ×10
-3 
Cells per gram of dry weight (cells g
-1)  4.6 ×10
12  9.0 ×10
11 
Yobs (g(dry wt.) mol(S4O6)
-1)  3.5  0.5 
 
It was calculated that the number of cells constituting a gram of dry mass was 
4.6 ×10
12.  Given the error surrounding cell counts this result compares favourably 
with the reported value of an undefined mixed culture of chemolithotrophic 
organisms growing on ferrous sulfate (6.3 ×10
12  cells g
-1,  Blight and Ralph 
2008a).  The observed yield of 3.5 g(dry wt.) mol(S4O6)
-1 is significantly lower 
than those observed in other studies, which report between 6 and  15.6 g of 
biomass per mol of tetrathionate (Table 4.2).  Additional investigations were 
performed to determine if significant quantities of cells were attaching to the 
vessel walls, or if significant quantities of soluble biomass were present and not 
accounted for. 
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Table  4.2: Reported growth yields of various chemolithotrophic organisms cultured in batch or continuous conditions on 
tetrathionate. 
*Observed yields varied with dilution rate. 
Study  Organism(s)  Culture Type  Conditions  Yobs (g dry wt. 
mol(S4O6)
–1)  Comments 
Kelly et al. 1977  At. ferrooxidans 
 (strain not defined) 
Chemostat  30 °C, pH 2.5  8.1–10.7*  Gassed with 5 mL CO2 min
-1. 
Eccleston and 
Kelly 1978 
At. ferrooxidans  
(strain not defined) 
Batch  30 °C, pH 2.0  9  pH controlled in batch 
culture 
    Chemostat  30 °C, pH 2.5  10.4  Gassed with 9 % (v/v CO2) 
Hazeu et al. 
1986 
At. ferrooxidans  
(ATCC 19859) 
Chemostat  30 °C, pH 3  6–13*  Gassed with 2 % (v/v CO2) 
 
Wood and Kelly 
1986 
Thermithiobacillus tepidarius 
(DSM 3134) 
Chemostat  45 °C, pH 7  15  Titrated K2CO3 to maintain 
pH at 7.0 
Wood et al. 
1987 
A. brierleyi (DSM 1651) and 3 
undefined Sulfolobus strains 
Chemostat  65–70 °C, pH 3  6.2–7.8  Supplemented with gaseous 
CO2 
Mason and 
Kelly 1988 
Acidiphilum acidophilum     
(DSM 700) 
Batch  30 °C, pH 3.2–2  7.2   
    Chemostat  30 °C, pH 3.0  15.6  Gassed with 1 % (v/v CO2) 
Nixon and 
Norris 1992 
Sulfolobus (strain not defined)  Chemostat  69 °C, pH 1.7–1.8  9  Gassed with 5 % (v/v CO2) 
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Experiments determined that less than 2 % of total cells were attached to the 
vessel wall (Section 2.3.5).  Chemical oxygen demand (COD) tests were 
performed on samples after all reduced sulfur was oxidised.  Without reduced 
sulfur present the COD tests could be performed on unfiltered culture samples for 
a measurement of total reduced carbon present, or the filtrate for a measurement 
of soluble reduced carbon present in solution.  Significant quantities of reduced 
carbon were present in samples that had planktonic cells removed (Table 4.3).   
 
Table 4.3: Relative quantities of reduced material present in filtered and unfiltered 
culture medium after polythionate exhaustion. 
Sample  Quantity of material 
oxidised in 20.0 mL (mol e
-) 
Ratio 
(filtered/unfiltered) 
Filtered culture media (only 
soluble biomass present) 
1.58 ×10
-5 
0.36 
Unfiltered culture media 
(cells and soluble biomass) 
4.40 ×10
-5 
 
COD tests determined that planktonic cells accounted for 64 % of the total 
reduced carbon present, with the remaining 36 % comprising soluble material.    
This material may represent reduced carbon compounds that is; 
 
1.  Biomass intentionally generated and released into solution by 
At.xcaldus. 
 
2.  Biomass unintentionally leaked into solution during cellular activities. 
 
3.  Biomass that accumulates in solution upon cell death and subsequent 
rupture. 
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Including soluble biomass present in the yield calculation gives a value of 
5.6xg(dry wt.) mol(S4O6)
-1.  Even accounting for this material in solution, the 
yield is still low in comparison to previous studies (Table 4.2).   
 
4.2.1  Growth efficiency of At. caldus on tetrathionate  
 
An estimation of the efficiency of bacterial growth can be made through a 
comparison of the quantity of electrons conserved in biomass, relative to the total 
number provided by the substrate (Section 1.4.4).  COD determinations of 
unfiltered batch culture samples measures the total quantity of electrons conserved 
in soluble and insoluble biomass.  The number of electrons utilised in the fixation 
of carbon dioxide was determined previously as 2.2 mmol (Table 4.3).  Depending 
upon the number of electrons potentially available from the complete oxidation of 
tetrathionate, different efficiencies of growth can be calculated.  If it is assumed 
that 14 electrons are available from the oxidation of a molecule of tetrathionate to 
sulfate (a total of 35 mM of electrons are supplied by 2.5 mM of tetrathionate) the 
growth efficiency is calculated to be 6.3x%. 
 
Kelly (1999) proposed that the oxidation of sulfite to sulfate provides electrons 
for growth purposes (Section 1.4.3).  Tetrathionate present in the growth medium 
can theoretically provide up to 10 mM of sulfite.  A growth efficiency of 11 % 
was calculated from the data obtained during this study using this assumption (a 
total of 20 mM of electrons are available from the oxidation of 10 mM of sulfite).                                                                                                             
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The determination of a quantitative relationship between biomass generated 
and substrate supplied has been the topic of numerous studies (Battley 1996, 
Roels 1980, Herbert 1976, von Stockar et al. 1993).  To resolve whether 8 or 14 
electrons were provided from complete oxidation of the initial substrate, 
tetrathionate, the data was compared to the energetic framework proposed by 
Battley  (1996).  The study of Battley  (ibid) investigated the growth of 
Pseudomonas saccharophila on a range of different substrates during 
heterotrophic growth and autotrophic growth on hydrogen.  In the study of Battley 
(ibid) a linear relationship was found between the quantity of electrons potentially 
available from complete oxidation of 1 mol of the substrate and those conserved 
as cellular material.  No comparison of growth on reduced sulfur substrates with 
the framework proposed by Battley (ibid) has been published. 
 
The study of Wood and Kelly (1986) determined yields of 
Thiobacillus tepidarius  during continuous culture growth utilising tri-, tetra-, 
hexa-  and heptathionate as a substrate.  These data was compared to the 
framework proposed by Battley (1996) to determine if an analogous relationship 
between electrons supplied and conserved was seen during growth on 
polythionates (Figure 4.4).  The linear relationship between electrons conserved 
and supplied, demonstrated by Battley (ibid), has a slope of 0.576.  Data from the 
study conducted by Wood and Kelly  (1986) on the homologous series of 
polythionates also demonstrated a linear trend.  If the total number of electrons 
available for growth utilising polythionates is assumed to equal that obtained from                                                                                                             
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oxidation to sulfate, a slope of 0.194 is determined, markedly lower than the slope 
of 0.576 from the study of Battley (1996) (Figure 4.4).  If the data from Wood and 
Kelly (1986) are re-evaluated, assuming that two electrons are conserved from the 
substrate when oxidised to sulfate, then a slope of 0.583 is calculated, which 
compares favourably with the study of Battley (1996).  This comparison, using the 
framework of Battley (ibid), supports the hypothesis that sulfite, or a substrate 
where the oxidised sulfur atom has an oxidation state of IV, is the conserved 
substrate.  This substrate is oxidised to sulfate (where sulfur has an oxidation state 
of VI), yielding two electrons for growth purposes.  Likewise, yields obtained 
during this study, although low compared to similar systems (Table 4.2), are in 
better agreement with the hypothesis that sulfur(IV) is the substrate (Figure 4.5). 
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Figure 4.4:  A comparison of the relationship between electrons conserved in biomass and electrons potentially available from 
oxidation of the substrate present.  The study of Battley (1996) (■) is compared to the study of Wood and Kelly (1986) where both 8 
(◊) and 14 () electrons are assumed to be available from tetrathionate oxidation. 
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Figure 4.5:  A comparison of the results obtained during this study, to the framework of Battley (1996) and study of Wood and Kelly 
(1986).  Battley (1996) compared the growth yields of Pseudomonas saccharophila (■) on hydrogen and various organic substrates to 
the number of electrons potentially available from oxidation of the substrate.  A second comparison is made to the data of Wood and 
Kelly (1986) investigating the growth of Thiobacillus tepidarius (◊) on various polythionates (this assumes a sulfur(IV) substrate). 
The results from this study ( ) are presented with regards to the assumption of 14 electrons available and the argument of Kelly 
(1999), where 8 electrons are available.  An average value (□) of results reported by other authors (Table 4.2) is presented for 
comparison (Note the offset from 8 to 8.5 electrons for the convenience of viewing the spread of results).      
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The linear slope (Figure 4.4) obtained from the study of Wood and Kelly 
(1986) is offset lower than that of Battley (1996).  This lower growth efficiency, 
characteristic of growth on sulfur compounds (Kelly 1999), may potentially be 
caused by several factors; 
 
1.  Oxidation of sulfur(IV) to sulfur(VI) may yield less  energy than 
oxidation of a comparative organic substrate (such as acetic acid).  
 
If lower quantities of energy are available for carbon fixation less biomass will 
be present, despite theoretically equal numbers of electrons present.  However, a 
comparison of the catabolic reactions reveals that only minor differences are 
observed when the ∆G° is determined per electron.  It can be concluded that this is 
not a cause for the lower efficiency. 
 
Table 4.4:  A comparison of the ∆G° from the complete oxidation of selected 
substrates, calculated per electron.  
Substrate  ∆G° (kJ mol
-1)  
Available 
electrons 
∆G° (kJ mol
-1 e
-) 
Sulfite (SO3
2-)  -258 
1  2  -129 
Dihydrogen (H2)  -237 
2  2  -119 
Acetic acid (C2H4O2)  -858 
2   8  -107 
Pyruvic acid (C3H4O3)  -1178 
2  10  -118 
Lactic acid (C3H6O3)  -1363 
2  12  -114 
Glucose (C6H12O6)  -2905 
2  24  -121 
Sucrose (C12H22O11)  -5869 
2  48  -122 
1∆G° value obtained from Kelly (1999), 
2∆G° values obtained from Battley (1996).                                                                                                             
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2.  Sulfite, a potential source of sulfur(IV) which was detected in batch 
culture solutions, is a labile substrate.  If significant abiotic oxidation of 
sulfite is competing with bacterial oxidation fewer electrons are 
available for conservation processes. 
 
Sulfite is widely reported to react with oxygen to form sulfate (Fuller and Crist 
1941  and references therein).  This reaction is spontaneous (Table 4.4) and 
reported to be catalysed by the presence of metal ions, such as nickel, iron and 
cobalt (Reddy and  Van Eldik 1992,  Roy and Trudinger 1970,  Ermakov and 
Purmal 2001).  Due to the presence of metal ions in the medium (Section 2.3), it 
was necessary to investigate rates of abiotic sulfite oxidation. 
 
4.2.2  Reactivity of sulfite under experimental conditions  
    
Rates of oxidation were seen to increase as the pH dropped (Figure 4.6).  No 
sulfite was detected in the solution at pH 1.0 after the first sampling point.  At a 
starting pH of 2.0 no sulfite could be measured after three hours.  Data obtained at 
this pH appeared to demonstrate first-order decay of sulfite with a half-life of 
approximately 0.4 hours.  At a starting pH of 3.0 and 5.0 the rates of abiotic 
oxidation decreased markedly. 
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Figure 4.6: Decomposition of 1 mM sulfite at pH 1.0 (), 2.0 (■), 3.0 (▲) and 5.0 
(×) in the experimental basal salts solution.   
 
4.2.3  Growth of At. caldus at different starting pH 
 
At low pH sulfite is demonstrated to undergo abiotic oxidation at a 
significantly greater rate compared to solutions near neutral pH (Figure 4.6).  If 
sulfite in the bulk solution is the conserved substrate, lower yields would be 
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At.xcaldus at different starting pH.  No significant difference was seen in total 
reduced carbon concentrations present between pH 1 and 6 (Figure 4.7), despite 
large variations in abiotic sulfite oxidation rates expected over this pH range 
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observed previously, (Figure 4.1) demonstrating that the ratio between solid and 
soluble biomass was unchanged by pH. 
 
 
Figure  4.7:  Total biomass () present in cultures of At. caldus  cultured at 
different starting pH.  Final planktonic cell numbers (×) are presented at each pH 
for comparison.   
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It was decided to investigate whether significant changes in the chemical 
energy of the system may result from changes in pH, which were varied over 5 
orders of magnitude (Figure 4.7).  Inspection of the catabolic reaction   
(Equation 4.2) shows that both the ∆G° and ∆G are insensitive to changes in pH.  
However, the anabolic reaction (Equation 4.3) is sensitive to changes in solution 
pH.  
 
0.5 SO3
2– + 0.25 O2 → 0.5 SO4
2–             (4.2) 
 
0.243 CO2 + 0.061 NH4
+ + 0.116 H2O + 0.5 SO3
-2  
→ 0.243 CH1.70O0.42N0.25(s) + 0.061 H
+ + 0.5 SO4
-2      (4.3) 
 
∆4.3G  = ∆4.3G°  +  R T ln Q4.3            (4.4) 
  
where Q4.3 =                        a.SO4 
0.5 a.H 
0.061 
             p.CO2
 0.243 a.SO3
 0.5 a.NH4
 0.061 
 
In the anabolic reaction (Equation 4.3) it can be seen that the activity of the 
proton has an index of 0.061.  At pH 1 and 6 the term aH
0.061 has values of 0.43 
and 0.87, respectively.  The effect on the calculated ∆G (Equation 4.4) is minor, 
changing from -8.2 kJ at pH 1 to -9.9 kJ at pH 6.  As the energy generated by the 
catabolic reaction and the energy required for biomass synthesis does not vary 
significantly, it can be reasoned that a significant change in energetics at different                                                                                                             
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pH is not the reason for equivalent yields at different growth pH.  It can be 
concluded that; 
 
1.  Reduced sulfur is oxidised from a sulfur(IV) oxidation state to a 
sulfur(VI) oxidation state (Figure 4.4). 
 
2.  Sulfite, a potential source of sulfur(IV) detected in the bulk solution, 
undergoes greater amounts of abiotic oxidation at low pH (Figure 4.6). 
 
3.  Growth at different starting pH demonstrated equivalent yields (Figure 
4.7). 
 
 
To reconcile these batch culture observations (Figure 4.6 and Figure 4.7) it 
must be concluded that sulfite oxidised for growth purposes is not sourced from 
the bulk solution.  Culture growth utilising sulfite as the sole energy source has 
not been reliably demonstrated at acidic pH (Kelly 1999). 
 
4.2.4  Sources of sulfur(IV) 
 
Alternative sources of sulfur(IV) may include sulfur dioxide (SO2), sulfurous 
acid (H2SO3) or sulfane sulfur atoms (R-SO3
-2), as found in polythionates or 
monosulfonic acids.  Takeuchi and Suzuki (1994) proposed that sulfur dioxide, or 
uncharged sulfurous acid may cross the bacterial membrane and act as a substrate.  
However, the study performed by Takeuchi and Suzuki (1994) used cell extracts 
and did not demonstrate cell replication at acidic pH.  It should also be noted that                                                                                                             
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the study of Rohwerder and Sand (2003) demonstrated sulfane sulfur-containing 
compounds, such as thiosulfate and tetrathionate, could not be utilised by the 
sulfur dioxygenase enzyme (Section 1.4.3) ruling out polythionates and 
monosulfonic acids as sulfur(IV) sources. 
 
Elemental sulfur may act as a source of sulfur(IV).  Elemental sulfur was 
detected at low levels in batch cultures (Section 4.1) and is comparatively stable 
under the experimental conditions.  It is proposed to react with outer membrane 
proteins to be mobilised in the form of persulfide (Rohwerder and Sand 2003).  
Mobilised persulfide can react with sulfur dioxygenase (assuming the presence of 
this enzyme in At. caldus) generating an enzyme bound sulfite, which would not 
be subject to conditions in the bulk solution.  The molecular study conducted by 
Mangold  (2011) could  not identify a sulfur diogyenase enzyme.  This would 
either imply that sulfur is oxidised to sulfate via a heterodisulfide reductase 
enzyme (Section 1.4.3.1) or is simply present but not yet identified and 
characterised in the test strain yet.  The schematic in Figure 4.8 indicates reactions 
taking place during the batch culture cycle and how elemental, colloidal, or 
disulfide sulfur can provide a source of enzyme bound sulfur(IV) for growth                                                                                                             
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Figure 4.8: Reaction schematic illustrating the enzymatic and abiotic processes 
associated with the formation of the experimentally observed species that include; 
sulfite, thiosulfate, pentathionate, hexathionate, sulfate and sulfur.  
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4.3  Summary 
 
Batch culture experiments were conducted utilising the bacterium At. caldus in 
order to gain a greater understanding of tetrathionate utilisation.  It was 
anticipated that these data would allow reconciliation of the variable planktonic 
cell numbers demonstrated in Figure 3.1 and Figure 3.2.  A number of significant 
features were observed during these investigations: 
 
1.  Reduced sulfur species, including  thiosulfate, pentathionate, 
hexathionate, sulfite and sulfur were detected during culture growth.  
 
The formation of thiosulfate, pentathionate, hexathionate, sulfite and sulfur was 
consistent with the enzymatic hydrolysis of tetrathionate.  This reaction will 
generate thiosulfate, which can react with tetrathionate to form pentathionate and 
subsequently hexathionate.  The formation of elemental sulfur was consistent with 
reactions between monosulfonic acids and thiosulfate.  Proposed interactions 
between intermediates in the experimental system are demonstrated in Figure 4.8.   
 
2.  Significant quantities of soluble biomass were produced in addition to 
planktonic cells. 
 
Soluble biomass detected during batch culture growth constituted 34–46 % of 
the total biomass measured.  The formation of soluble material may be a 
deliberate action by the cell, a result of unintentional cell leakage or arise from 
membrane rupturing following cell death. Quantification of soluble biomass 
makes determinations of a thermodynamic yield more reliable.                                                                                                                  
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3.  A comparison of growth yields to the energetic framework of Battley 
(1996) indicates that sulfur(IV) is the growth substrate (Figure 4.4).  
 
During batch culture growth, yields were low compared to the relationship 
demonstrated by Battley (1996) and Wood and Kelly (1986).  The experimental 
value is however within the wide range of values reported by other studies 
investigating the growth of chemolithotrophs on tetrathionate (Table 4.2, Hazeu  
et al. 1986, Wood et al. 1987, Mason and Kelly 1988).  Growth yields were not 
demonstrated to change with respect to batch culture pH (Figure 4.6).  The 
comparatively low growth yield may be due to a lack of sparging with carbon 
dioxide enriched gases (Table 4.2).  When the yield obtained during this study and 
others are correlated to the framework of Battley (1996), the correlation indicates 
that two electrons per sulfur atom are conserved during growth, implying that 
sulfur(IV) is the growth substrate (Figure 4.4).  This is consistent with the 
thermodynamic argument of Kelly (1999). 
 
4.  Elemental sulfur is the source of sulfur(IV).  
 
At low pH the rate of abiotic sulfite oxidation increased significantly (Figure 
4.5). Total quantities of biomass generated did not vary significantly as pH was 
altered (Figure 4.6).  A thermodynamic analysis demonstrated that the energy 
generated from the catabolic reaction and the energy required for the anabolic 
reaction was relatively insensitive to changes in pH.  These data cannot be 
reconciled if free sulfite is proposed to be the source of sulfur(IV).  An alternative 
source of sulfite is from the oxidation of elemental sulfur.  Sulfite sourced from                                                                                                             
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elemental sulfur will be enzyme bound and not subject to conditions present in the 
bulk solution. 
 
Confirming that sulfur(IV) is the conserved substrate does not allow for 
reconciliation of the planktonic cell data observed previously (Figure 3.1 and 
Figure 3.2).  During growth on tetrathionate significant quantities of soluble 
biomass were generated.  It can be assumed that soluble biomass would be 
generated during growth on media that contained both tetrathionate and ferrous 
ions.  It is unknown how much soluble biomass would be generated in the 
presence of ferrous ions and if this would significantly change between the two 
different ferrous concentrations tested.    
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Chapter 5   Behaviour of test species in the presence of potassium  
nitrate 
 
The effect of solution impurities upon substrate utilisation was investigated.  
Potassium nitrate was added to the EE growth medium (35 mM ferrous ions and 
2.5 mM tetrathionate ions), test species were inoculated and their behaviour 
examined.  Changes in culture behaviour could potentially be caused by either the 
anionic, or cationic, components of potassium nitrate.   
 
Potassium is demonstrated to have an inhibitory effect on chemolithotrophic 
cultures at high concentrations (0.14–0.56 M), primarily through its contribution 
to the ionic strength of the solution (Blight and Ralph 2004).  The maximum 
concentration of potassium ions present in the medium during the present study 
was 40 mM.  At this concentration it was assumed that the contribution to ionic 
strength was negligible and any effects upon the growth of the test species could 
be attributed solely to the nitrate present.  
 
Nitrate, from a hydrometallurgical viewpoint, is a solution contaminant found 
primarily in South American mining operation leach liquors.  This anion has been 
reported at concentrations up to 516 mM in heap leaching operations (Virnig et al. 
2003).  Nitrate is reported to inhibit bacterial cultures oxidising ferrous ions 
(Alexander et al. 1987, Blight and Ralph 2008b, Harahuc et al. 2000a, Niemelä et 
al. 1994) or elemental sulfur (Harahuc et al. 2000a, Suzuki et al. 1999).  No 
previous reports investigating nitrate inhibition have examined its influence on                                                                                                                 
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cultures when both tetrathionate and ferrous ions are present in the medium.  The 
effect of nitrate on test species behaviour, with reference to adaptive history, 
substrate utilisation patterns and planktonic cell numbers is reported (Figure 5.1, 
Figure 5.3, Figure 5.4 and Appendix I).  Sb. thermotolerans was not included in 
the set of test organisms for reasons documented in Appendix J. 
   
5.1  Planktonic cell numbers in the presence of nitrate   
 
Cultures had planktonic cell numbers reduced when nitrate was added to the 
test medium.  This effect was exacerbated as nitrate concentrations were increased 
(Figure 5.1).  Nitrate concentrations were not observed to change significantly 
over the course of the batch cultures (Appendix C). 
 
Iron-adapted cultures of Sb. acidophilus, Sb. sibiricus  and 
Sb.xthermosulfidooxidans demonstrated growth at all nitrate concentrations tested.  
At a nitrate concentration of 40 mM, planktonic cell numbers in cultures of 
Sb.xacidophilus and Sb. sibiricus decreased to approximately half those observed 
in cultures without nitrate.  Sb.xthermosulfidooxidans  was impacted more 
severely.  At a nitrate concentration of 40 mM, planktonic cell numbers were less 
than 10 % of those seen in cultures without nitrate present. 
 
Iron-adapted cultures of A. brierleyi, M. hakonensis and At. ferrooxidans were 
extremely sensitive to the presence of nitrate.  At nitrate concentrations of 10 mM 
At. ferrooxidans, A. brierleyi and M. hakonensis had cell numbers decreased to 73,                                                                                                                 
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45 and 37 % of those seen in cultures without nitrate, respectively.  Growth was 
not observed at nitrate concentrations of 20 mM or above. 
 
Tetrathionate-adapted cultures of Sb. acidophilus  and  Sb. sibiricus 
demonstrated growth at all concentrations of nitrate tested.  As the concentration 
of nitrate increased, cell numbers decreased.  In the presence of 40 mM nitrate, 
cell concentrations were 67 % in cultures of Sb. acidophilus and 69 % in cultures 
of  Sb. sibircus  compared to experiments without nitrate present.  These two 
species exhibited greater planktonic cell numbers in the presence of nitrate 
compared to other tetrathionate-adapted cultures.  Curiously, final cell numbers in 
cultures of Sb. acidophilus, at a nitrate concentration of 40 mM, were 
approximately the same as those at 30 mM, despite no measurable ferrous ion 
oxidation taking place (Figure 5.3).   
 
All other tetrathionate-adapted cultures, except Sb. thermosulfidooxidans, were 
sensitive to the presence of nitrate.  However, cultures achieved greater cell 
numbers when compared to their iron-adapted counterparts.  Growth was 
observed in tetrathionate-adapted cultures of A. brierleyi and M.xhakonensis at all 
concentrations of nitrate tested.  However, at a nitrate concentration of 40 mM cell 
numbers were reduced by over 80 % in both cultures.  At. ferrooxidans grew at 
nitrate concentrations of 30 mM.  No growth or substrate utilisation was measured 
at higher concentrations.  Sb. thermosulfidooxidans exhibited similar growth to 
the iron-adapted cell line.  Cultures of S. metallicus demonstrated growth at all                                                                                                                 
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concentrations of nitrate tested.  In the presence of 40 mM nitrate planktonic cell 
numbers dropped to 28 % relative to the culture without nitrate. 
 
Significant differences in growth relative to adaptive history were observed in 
cultures of A. brierleyi, M. hakonensis and At. ferrooxidans.  In these test species 
the tetrathionate-adapted cell line had greater planktonic cell numbers in the 
presence of nitrate.  The remaining test species demonstrated little variation with 
respect to adaptive history.  
 
Previous studies investigating changes to culture behaviour in the presence of 
nitrate have focussed on rate kinetics and typically neglected to report changes in 
planktonic cell numbers (Blight and Ralph 2008b, Harahuc et al. 2000a, Niemelä 
et al. 1994,  Suzuki  et al.  1999,  Sarcheshmehpour  et al.  2009).  None have 
reported the effect of nitrate on planktonic cell numbers when chemolithotrophs 
were cultured in the presence of ferrous and tetrathionate ions.  Lower yields were 
reported during investigations of other anionic impurities, such as chloride (Gahan 
et al. 2010), consistent with the observations made during this study. 
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Figure 5.1: The effect of nitrate on the planktonic cell numbers of iron- (●) and 
tetrathionate-adapted (□) test species.  In batch cultures where substrate utilisation 
was incomplete, as described in Section 5.2.1 and Section 5.3, symbols are shaded 
grey. 
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The lower cell yields observed may be explained using the mechanism 
proposed by Alexander et al. (1987) and Suzuki et al. (1999), namely that anionic 
species can migrate to the cell cytoplasm where they cause acidification (Section 
1.5.1, Section 1.5.2).  The uncoupling of substrate oxidation and cell generation 
may also account for the low planktonic cell numbers observed.  This process is 
seen to take place under stressful conditions, allowing greater quantities of energy 
to be focussed on maintaining cellular homeostasis.  This is demonstrated in the 
presence of heavy metals (Roy and Mishra 1981), low concentrations of dissolved 
carbon dioxide (Kelly and Jones 1978), after exposure to organic compounds 
(Collinson et al. 2011) and at low temperatures (Leduc et al. 1983). 
 
5.2  Substrate utilisation patterns in the presence of potassium nitrate 
 
Changes in substrate utilisation patterns varied between test species, adaptive 
history and nitrate concentration.  These differences, which are highlighted in 
Figure 5.3 and Figure 5.4, are discussed with respect to changes in lag times 
observed and the time taken for exhaustion of either ferrous or tetrathionate ions. 
 
Figure 5.2 demonstrates how the data from each batch culture is presented in 
Figure 5.3 and Figure 5.4.  For each organism a set of test cultures at different 
nitrate concentrations are compared.  The start and end times of ferrous ion and 
tetrathionate utilisation are presented, giving an indication of the average 
oxidation rate.  Lag times are also demonstrated indirectly, as the time period 
between inoculation and measurable utilisation of ferrous or tetrathionate ions.                                                                                                                 
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Figure 5.2: An example of data presentation in Figure 5.3 and Figure 5.4.  Ferrous 
(◊) and tetrathionate (■) oxidation start and exhaustion times are shown.  Lag 
times are also presented.  Background rates of ferrous (solid line) and tetrathionate 
(broken line) oxidation are presented for comparison.   
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Figure  5.3: The effect of nitrate on selected chemolithotrophic bacteria with 
respect to ferrous (□) and tetrathionate (■) oxidation start and completion times.   
Incomplete ferrous ( ) and tetrathionate ( ) oxidation over the time period and 
the percentage oxidised relative to the starting concentration is also reported.                                                                                                                   
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Figure 5.4: The effect of nitrate on selected archaea with respect to ferrous (□) and 
tetrathionate (■) oxidation start and completion times.  Incomplete ferrous ( ) and 
tetrathionate ( ) oxidation over the time period and the percentage oxidised 
relative to the starting concentration is also reported. 
 
5.2.1  Impact of nitrate on ferrous ion oxidation 
 
Nitrate was observed to have two effects on ferrous ion oxidation; increased 
lag times and a reduction in the average oxidation rate.  Iron-adapted test species 
Sb.xacidophilus, Sb. sibiricus and A. brierleyi were seen to have increased lag 
times before significant ferrous ion oxidation was measured, relative to cultures                                                                                                                 
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without nitrate.  As nitrate concentrations were increased, lag times were 
lengthened in affected cultures.  The presence of nitrate increased the length of 
time required for ferrous ion exhaustion in all iron-adapted test species.  As nitrate 
concentrations were increased this effect was magnified. 
 
Tetrathionate-adapted cultures responded similarly to the presence of nitrate.  
At. ferrooxidans, Sb. acidophilus,  A. brierleyi  and  S. metallicus  all exhibited 
decreased rates of ferrous ion oxidation in the presence of nitrate.  Increased 
nitrate content in the medium exacerbated this behaviour.  Cultures of 
Sb. acidophilus, growing with the addition of 40 mM nitrate, had ferrous ion 
oxidation completely inhibited over the experimental time period.  Ferrous ion 
oxidation rates in tetrathionate-adapted cultures of Sb. thermosulfidooxidans were 
relatively unchanged, despite increased lag times. 
 
In tetrathionate-adapted cultures of A. brierleyi and S. metallicus, inhibition of 
ferrous ion oxidation was observed after the substrate had been partially oxidised 
(Figure 5.5).  The level of ferrous ion oxidation that had taken place before 
inhibition was proportional to the quantity of nitrate in the cultures.  In cultures of 
A. brierleyi, high concentrations of nitrate completely inhibited ferrous ion 
oxidation (Figure 5.5A).                                                                                                                 
Chapter 5 - Behaviour of test species in the presence of potassium nitrate         109 
 
    
Figure 5.5: Inhibition of ferrous ion oxidation in cultures of A. brierleyi (A) and 
S.xmetallicus (B) in the presence of 0 (◊), 10 (■), 20 (), 30 (□) and 40 () mM 
nitrate. 
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Previous studies investigating the effects of nitrate on chemolithotrophic 
organisms demonstrate both increased lag times and reductions in rates of ferrous 
ion oxidation.  For copper sulfide bioleaching tests, Sarcheshmehpour  et al. 
(2009) reported increases in lag times, with a lag time of 4 days before bacterial 
ferrous ion oxidation commenced in the presence of 7.2 mM nitrate.  Alexander et 
al. (1987) reported a 50 % inhibition of ferrous ion oxidation rates at pH 0.94 in 
the presence of 1 mM nitrate.  Blight and Ralph (2008b) stated that nitrate 
concentrations greater than 65 mM completely inhibited the growth of a mixed 
culture over the experimental period (7 days) and that rates of ferrous ion 
oxidation were reduced by 35 % at concentrations of 25 mM nitrate. 
 
In the present study, ferrous ion oxidation was completely inhibited in cultures 
of tetrathionate-adapted  Sb. acidophilus  with 40 mM of nitrate added to the 
medium.  Harahuc et al. (2000a) also reported inhibition of ferrous ion oxidation 
at nitrate concentrations greater than 100 mM when conducting studies with a 
culture of At.xferrooxidans.  An investigation by Niemelä  et  al.  (1994) also 
observed the inhibition of ferrous ion oxidation over a period of 11 days when 
nitrate was present at 6.1 mM. 
 
5.2.2  Impact of nitrate on tetrathionate utilisation 
 
Increased lag times and reduced average tetrathionate utilisation rates were 
observed in the presence of nitrate.  These effects were amplified as greater 
quantities of nitrate were added to the medium.  All iron-adapted test species had                                                                                                                 
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significantly increased lag times prior to tetrathionate utilisation.  Tetrathionate-
adapted cultures of At. ferrooxidans and Sb. thermosulfidooxidans also exhibited 
increased lag times at high nitrate concentrations.   
 
A reduction in the average rate of tetrathionate utilisation was seen in iron-
adapted cultures of Sb. thermosulfidooxidans, At. ferrooxidans and M. hakonensis.   
Tetrathionate-adapted cultures of At. ferrooxidans, S. metallicus, A. brierleyi and 
Sb. thermosulfidooxidans  also demonstrated decreased average rates of 
tetrathionate utilisation.  Sb. acidophilus, Sb. sibiricus and tetrathionate-adapted 
M. hakonensis  were relatively unaffected by the presence of nitrate, with no 
significant lag times or reductions in the average rates of tetrathionate utilisation 
(Figure 5.3 and Figure 5.4). 
 
The effect of nitrate on cultures with both ferrous and tetrathionate ions present 
has not previously been examined.  However, reductions in the rate of elemental 
sulfur oxidation in media containing nitrate are reported.  Suzuki et al. (1999) 
noted that 10 mM nitrate reduced the rate of elemental sulfur oxidation by greater 
than 50 % in cultures of At. thiooxidans.  Harahuc  et al.  (2000a) reported 
reductions in the rate of elemental sulfur oxidation at nitrate concentrations up to 
500 mM.  Neither study commented on lag times before elemental sulfur 
oxidation commenced. 
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5.3  Observed polythionate speciation patterns 
 
The formation of thiosulfate, pentathionate and hexathionate was detected in 
all test cultures where tetrathionate utilisation took place, consistent with previous 
observations (Section 3.3 and Section 4.1).  Polythionate speciation patterns were 
similar regardless of nitrate concentration present.  In all test species, except 
Sb.xthermosulfidooxidans and iron-adapted M. hakonensis, polythionates ceased to 
be detected shortly after the exhaustion of tetrathionate (Figure 5.6A). 
 
In cultures of Sb. thermosulfidooxidans, high concentrations of nitrate inhibited 
the utilisation of polythionates (Figure 5.6B).  While tetrathionate was exhausted, 
concentrations of pentathionate and hexathionate were relatively unchanged over 
the latter half of the batch culture (Figure 5.6B).  These results may indicate that 
enzymatic hydrolysis of tetrathionate is taking place, but that the rate of 
pentathionate and hexathionate hydrolysis is significantly reduced or completely 
inhibited.  Hydrolysis of pentathionate is demonstrated to be carried out by the 
tetrathionate hydrolase enzyme in some species of bacteria (Section 1.4.3.2).  It is 
unknown why nitrate specifically inhibits the pentathionate hydrolysis (and 
possibly hexathionate hydrolysis) action of the tetrathionate hydrolase enzyme in 
Sb. thermosulfidooxidans and iron-adapted M. hakonensis. 
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Figure  5.6: Total concentrations of polythionates present in batch cultures of 
Sb. thermosulfidooxidans at 0 mM (A) and 20 mM (B) nitrate.  Tetrathionate (◊), 
pentathionate (∆), hexathionate (○), thiosulfate (×) and total soluble sulfur present 
as polythionates (■).  
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5.4  Summary 
 
Differences in lag times, ferrous and tetrathionate utilisation rates appear to 
vary with the species of study and their respective adaptive history.  However, 
some general observations and conclusions can be made regarding the effect of 
nitrate upon the test species in this study: 
   
1.  The presence of nitrate significantly reduces planktonic cell numbers 
(Figure 5.1).  
  
Planktonic cell numbers were reduced in the presence of nitrate and this effect 
was exacerbated as the concentration was increased (Figure 5.1).  S. metallicus, 
Sb. acidophilus  and  Sb. sibiricus  were not impacted as significantly by the 
presence of nitrate as the other test species.  Low planktonic cell numbers may be 
caused by the uncoupling of growth from substrate oxidation, or increased 
maintenance requirements.  Cell lines adapted to tetrathionate exhibited greater 
cell numbers in the presence of nitrate when compared to iron-adapted cultures 
under similar test conditions. 
 
2.  Ferrous ion oxidation is more sensitive to the presence of nitrate than 
tetrathionate oxidation (Figure 5.3 and Figure 5.4). 
 
Nitrate affected both lag times and ferrous and tetrathionate ion oxidation rates.  
All species, except tetrathionate-adapted M. hakonensis, altered their utilisation 
patterns of ferrous and tetrathionate ions in the presence of nitrate (Figure 5.4).  
Ferrous ion oxidation processes were inhibited to a greater extent than                                                                                                                 
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tetrathionate utilisation.  This behaviour was consistent with previously reported 
observations (Harahuc et al. 2000a).  No explanation was proposed in the study 
conducted by Harahuc et al. (ibid) to explain this behaviour.  Likewise, the range 
of techniques utilised in this study do not offer insight into this phenomenon.  
 
3.  Iron-adapted cultures of Sb. thermosulfidooxidans and M. hakonensis 
preferentially oxidise ferrous ions in the presence of nitrate.  This effect 
is independent of nitrate concentration (Figure 5.3 and Figure 5.4). 
 
Preferential oxidation of ferrous ions was observed in cultures inoculated with 
Sb. thermosulfidooxidans and M. hakonensis, regardless of nitrate concentrations.  
This is consistent with growth in EE and EM media without nitrate present (Table 
3.2 and Table 3.5).  The regulation of biochemical processes in these species, even 
in the presence of solution contaminants, fits proposed models of genetic 
regulation in the presence of ferrous ions (Section 1.6.3). 
 
4.  In tetrathionate-adapted cultures of Sb. acidophilus and Sb. sibiricus 
ferrous ion oxidation mechanisms can be impaired to the extent that 
preferential utilisation of tetrathionate is observed (Figure 5.3).  
 
The preferential oxidation of tetrathionate in the presence of ferrous ions was 
observed in tetrathionate-adapted cultures of Sb. acidophilus and Sb. sibiricus at 
concentrations of 20–40 mM nitrate.  Preferential oxidation of sulfur substrates 
has been reported previously in cultures of mesophilic bacteria leaching a mixture 
of pyrite and zinc sphalerite in the presence of 50 mM nitrate (Harahuc et al. 
2000a, Harahuc et al. 2000b).  Complete inhibition of ferrous ion oxidation over                                                                                                                 
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the experimental time frame in this study was only observed in batch cultures of 
Sb.xacidophilus (Figure 5.3). 
                                                                                                                 
Chapter 6 – Iron control during chalcopyrite bioleaching                                   117 
Chapter 6   Iron control during chalcopyrite bioleaching 
 
Experiments in Section 5.2 demonstrated that the addition of nitrate could 
partially, or completely, inhibit ferrous ion oxidative processes (Figure 5.3 and 
Figure 5.4).  This potentially allows for the selective regeneration of protons 
under aerobic conditions.  This change in solution condition can influence the 
total rate of mineral sulfide dissolution, depending upon the requirement for ferric 
ions and protons involved in the dissolution of a particular mineral (Section 1.2).  
Based on this, an attempt was made to selectively inhibit ferrous ion oxidation 
during chalcopyrite bioleaching and attempt to improve the rate, and/or total 
extraction.   
 
During the oxidative ferric-sulfate leaching of chalcopyrite, accumulation of 
reaction products on the mineral surface has been demonstrated to cause a 
reduction in the rate of chalcopyrite dissolution (Klauber  et al.  2008  and 
references therein).  This characteristic of chalcopyrite leaching is commonly 
referred to as ‘passivation’ (Hackl et al. 1995).  The 'passivating' layer has been 
extensively studied and its composition is proposed to consist of either one, or all, 
of the following; 
 
1.  Jarosite(s), or other iron(III) insoluble oxy-hydroxy-sulfates, which form 
in environments with high concentrations of soluble ferric (Section 1.3.1, 
Grishin et al. 1988, Stott et al. 2000, Sandström et al. 2005, Córdoba et al. 
2009). 
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2.  Elemental sulfur (either orthorhombic or polymeric allotropes), which is 
demonstrated to be a reaction product during ferric oxidation of 
chalcopyrite surfaces (Muñoz et al. 1979). 
 
3.  Copper polysulfide layer, formed when iron is preferentially leached from 
the mineral matrix (Hackl et al. 1995, Lázaro and Nicol 2003). 
 
Experiments with controlled redox potentials indicate enhanced copper 
extraction at low redox potentials (Table 6.1).  It is hypothesised that this solution 
condition reduces the rate of, or inhibits, the formation of surface products that 
can cause passivation (Third et al. 2002).  Optimal extractions are reported by 
various studies over a range of relatively low redox potentials (Table 6.1).   
Table  6.1: Comparison of controlled redox potentials during chemical or 
bioleaching of chalcopyrite where enhanced copper extraction was reported. 
Study 
Optimal Redox 
Potential (mV) 
Conditions 
Ahmadi et al. 2011  400–430  Applied a current to 20 % (w/v) 
chalcopyrite slurry to maintain low 
potentials. 
Ahmadi et al. 2010  420  Controlled oxygen supply to maintain 
low redox potentials. 
Gericke et al. 2010  420  Controlled oxygen supply to maintain 
low redox potentials. 
Sandström et al. 
2005 
420  Controlled oxygen supply and added 3M 
NaHSO3  to maintain low redox 
potentials. 
Third et al. 2002  380  Controlled oxygen supply to maintain 
low redox potentials. 
Ahonen and 
Tuovinen 1993 
455–505  Controlled oxygen supply to maintain 
low redox potentials. 
Kametani and Aoki 
1985 
382–412  Added KMnO4  to control redox 
potential.                                                                                                                 
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After the addition of nitrate to selected cultures (Figure 5.5) solution potentials 
were maintained at levels comparable to those where enhanced extraction was 
reported (Table 6.1).  Experiments were undertaken, using mixed cultures with 
added potassium nitrate under aerobic conditions, to investigate whether enhanced 
chalcopyrite bioleaching could be observed.  The results are presented in 
Figure 6.1, Figure 6.2 and Figure 6.3. 
 
6.1  Chalcopyrite bioleaching using a mixed culture at 30 ºC 
 
Chalcopyrite bioleaching experiments were initiated at 30 °C in the presence of 
nitrate.  They were inoculated using a mixed culture of the eight test species 
(Table 1.3).  The experiments had a 12 week duration during which the planktonic 
cell numbers, redox potentials and copper extraction were monitored (Figure 6.1). 
 
Planktonic cell concentrations were decreased in the presence of nitrate.  Cell 
numbers in the inoculated control, with no nitrate present, quickly increased over 
a two week period from 2–3  ×10
6  cells mL
-1  to concentrations ranging from 
11–15 ×10
7 cells mL
-1.  Cultures with 10 mM nitrate had similar planktonic cell 
numbers to the inoculated control, with a range of 10–13  ×10
7  cells mL
-1.  
Experiments with 20 mM nitrate had reduced planktonic cell numbers, with 
9–11 ×10
7 cells mL
-1 observed once numbers had stabilised.  Cultures with 30, 40 
and 50 mM nitrate had comparable final planktonic cell numbers, between 
4–8 ×10
7 cells mL
-1.  In all cultures the cells were rod shaped, indicating that 
bacterial species dominated the planktonic population.  This observation is                                                                                                                 
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consistent with published data for tested archaeal species, which are spherical 
(Segerer et al. 1986, Huber and Stetter 1991, Kurosawa et al. 2003) and grow at 
comparatively high temperatures (Franzmann et al. 2005).  No evidence of cell 
growth was observed in the abiotic control. 
 
The redox potential in the inoculated control rose rapidly from a starting value 
of approximately 370 mV to 540 mV after seven days.  The potential increased 
slowly over the remainder of the batch culture to a final value of 610 mV.   
Cultures with added nitrate exhibited significant lag times before redox potentials 
increased.  As the concentration of nitrate increased so did the lag time before 
significant ferrous ion oxidation was measured.  The redox potential in all cultures 
eventually rose to values above 530 mV over the experimental time period.  The 
abiotic control demonstrated low values (350–385 mV) over the same time period. 
 
The presence of nitrate in solution, and the changes it engendered to the batch 
culture conditions, did not increase copper extraction.  When 10 mM of nitrate 
was present in solution, copper extraction was comparable to that seen in the 
inoculated control.  As the concentration of nitrate was increased, the level of 
copper extraction dropped from 30 % in the inoculated control, to 21 % in the 
presence of 50 mM nitrate.  Copper extraction in the abiotic control was 13 % 
after 12 weeks.                                                                                                                  
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Figure 6.1: Mixed culture bioleaching chalcopyrite concentrate in the presence of 
nitrate at 30 ºC.  Planktonic cell numbers (A), redox potential (B) and copper 
extractions (C) are presented over a period of 12 weeks. 
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6.2  Chalcopyrite bioleaching using a mixed culture at 45 ºC 
 
Chalcopyrite bioleaching experiments in the presence of nitrate at 45 °C were 
inoculated with the same mixed culture, containing equal quantities of the test 
species (Table 1.2), as used in the 30 °C experiments (Section 6.1).  These 
experiments were run over a 12 week period and the planktonic cell numbers, 
redox potential and copper extraction reported (Figure 6.2). 
 
Planktonic cell concentrations decreased in the presence of nitrate.  In the 
inoculated control, planktonic cell numbers rose rapidly to a maximum of 
15 ×10
7 cells mL
-1 before slowly declining to a concentration of approximately 
8 ×10
7 cells mL
-1.  Cultures grown in the presence of 10 and 20 mM nitrate had 
reduced cell concentrations in solution when compared to the inoculated control.  
Planktonic cell numbers peaked in both cultures at 7–8 ×10
7 cells mL
-1 before 
slowly declining in the 10 mM nitrate culture.  Cell numbers in cultures with 30, 
40 and 50 mM nitrate were all comparable, with concentrations of approximately 
4 ×10
7 cells mL
-1 after the population had stabilised.  Cells present in the batch 
cultures were rod shaped, as would be expected given Sulfobacillus species should 
dominate the population at this temperature (Table 1.3, Franzmann et al. 2005). 
 
In the presence of nitrate, redox potentials in all cultures eventually rose above 
500 mV over the experimental time period.  In the inoculated control, the potential 
increased to 575–620 mV after a three week leach period.  Cultures with 10 and 
20 mM nitrate required four weeks to reach potentials in the range of 
545–590 and 530–565 mV respectively.  Cultures with 30, 40 and 50 mM nitrate                                                                                                                 
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required 6, 6 and 8 weeks, respectively, to reach redox potentials above 500 mV.  
The presence of nitrate did not depress ferrous ion oxidation for the duration of 
the experiment in these cultures.  The redox potential in the abiotic control 
increased to 388 mV. 
 
The presence of nitrate, and subsequent changes to the batch culture 
conditions, did not significantly influence copper extraction.  The inoculated 
control had a final copper extraction of 58 %.  This was comparable to final 
extractions of 59, 57, 59 and 57 % from cultures with 10, 20, 30 and 40 mM of 
nitrate, respectively.  In the presence of 30 and 40 mM nitrate the average rates at 
which copper was leached appeared to be markedly increased.  After the first 14 
days, extractions of 54 and 46 % were measured, compared to an extraction of 
31x% observed in the inoculated control.  The 50 mM system had a final 
extraction of 46 %, slightly higher than the abiotic system in which 39 % was 
extracted over the total experimental time frame.   
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Figure 6.2: Mixed culture of test species bioleaching chalcopyrite concentrate in 
the presence of nitrate at 45 ºC.  Planktonic cell numbers (A), redox potential (B) 
and copper extractions (C) are presented over a period of 12 weeks. 
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6.3  Chalcopyrite bioleaching using a mixed culture at 60 ºC 
 
Chalcopyrite bioleaching experiments in the presence of nitrate at 60 °C were 
inoculated with a mixed culture of S. metallicus and A. brierleyi.  These two 
archaeal species exhibited incomplete iron oxidation in the presence of nitrate 
(Figure 5.5).  The other test species were not included in the inoculum because 
nitrate did not inhibit ferrous oxidation sufficiently if growth was observed 
(Figure 5.3 and Figure 5.4).  The experiments were run over a 10 week period and 
the data are summarised in Figure 6.3. 
 
Planktonic cell numbers varied depending upon the concentration of nitrate 
present.  As nitrate concentrations increased final cell numbers decreased.  In the 
inoculated control, with no added nitrate, cell numbers peaked after three weeks, 
at a concentration of approximately 13 ×10
7 cells mL
-1.  At concentrations of 10 
and 20 mM nitrate final cell numbers steadied at 5.5–7 ×10
7 cells mL
-1, a 50 % 
reduction compared with the inoculated control.  Average final cell concentrations 
of 5, 3.5 and 0.2 ×10
7 cells mL
-1 were seen in cultures with 30, 40 and 50 mM 
nitrate.  No cell growth was observed in the abiotic control.  The reduction in cell 
growth in the presence of nitrate is consistent with previous results (Figure 5.1). 
 
Redox potentials, recorded over the course of the experiment, did not rise as 
high in the presence of nitrate.  In the inoculated control, redox potentials were 
seen to rise to 610 mV after one week and remain in the range of 580–610 mV 
over the course of the experiment.  In the presence of 10 mM nitrate redox 
potentials of 525–555 mV were observed.  Cultures with higher concentrations of                                                                                                                 
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nitrate present demonstrated greatly suppressed solution potentials.  When 
concentrations of 20 and 30 mM nitrate were present, redox potentials did not rise 
above ranges of 430–460 and 430–445 mV respectively.  At nitrate concentrations 
of 40 and 50 mM, redox potentials did not increase above 410–430 and 360–390 
mV, respectively.   
 
Copper extractions differed at different nitrate concentrations.  The inoculated 
control had a final extraction of 82 %.  The experiment with 10 mM nitrate 
present had a comparable extraction of 85 %.  Cultures grown in the presence of 
20 and 30 mM nitrate had increased extractions over the experimental time period 
of 94 and 97 % respectively.  The presence of 40 mM nitrate reduced the final 
extraction slightly, but in the presence of 50 mM nitrate copper extraction was 
29x%, which was comparable to the 32 % measured in the abiotic control.                                                                                                                 
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Figure  6.3: A mixed culture of S. metallicus  and  A. brierleyi  bioleaching 
chalcopyrite concentrate in the presence of nitrate at 60 ºC.  Planktonic cell 
numbers (A), redox potential (B) and copper extractions (C) are presented over a 
period of 10 weeks. 
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6.4  Summary 
 
The effect of nitrate upon mixed cultures bioleaching chalcopyrite was 
dependent upon the temperature and presumably species present.  A number of 
general observations and conclusions can be made, which include: 
 
1.  The presence of nitrate was observed to suppress planktonic cell numbers 
during growth on chalcopyrite concentrate (Figure  6.1,  Figure  6.2  and 
Figure 6.3). 
 
Cultures utilising chalcopyrite as an energy source had planktonic cell numbers 
reduced in the presence of nitrate.  This is consistent with results observed when 
organisms are cultured in a mixed substrate media (Figure 5.1).  It is unknown if a 
significant sessile population is present on the concentrate surface and what 
proportion of the total population it may represent. 
 
2.  High planktonic cell numbers were not required for extraction (Figure 6.2 
and Figure 6.3). 
 
It was observed that high planktonic cell numbers were not critical to facilitate 
copper extraction or to maintain high redox potentials.  This is demonstrated in 
cultures at 45 ºC where final copper extractions were approximately equal, despite 
less than half the number of cells present at increased nitrate concentrations.   
Analogous data could be seen in cultures at 60 ºC.  This indicates that the solution 
condition and effect that it has upon the chalcopyrite concentrate surface govern 
the leaching kinetics (assuming enough organisms are present to regenerate 
protons and ferric ions).                                                                                                                 
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3.  Redox potentials from 430–460 mV were maintained in cultures at 60 ºC 
with 20 and 30 mM nitrate.  Increased copper extractions were measured 
in these cultures at 60 ºC (Figure 6.3). 
 
Low-redox bioleaching was achieved at 60 ºC using a culture inoculated with 
approximately equal numbers of S. metallicus and A. brierleyi.  Increased copper 
extraction was seen in cultures with nitrate concentrations of 20 and 30 mM where 
the redox potential stabilised in the range of 430–460 mV.  At 30 and 45°°C 
mixed cultures did not display increased copper extraction in the presence of 
nitrate (Figure  6.1  and  Figure  6.2).  In these cultures redox potentials were 
initially repressed, but eventually increased to values greater than 500 mV.  In 
cultures at 60 ºC, 50 mM nitrate inhibited ferrous ion oxidation over the 
experimental time period.  Under these conditions extraction was reduced to 
levels approximately equal to abiotic experiments. 
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Chapter 7 Conclusions and recommendations for future work 
 
Over the course of this study a range of investigations were conducted.  These 
were performed to increase understanding of chemolithotrophic behaviour during 
growth in the presence of both ferrous and tetrathionate ions.  The key findings 
are summarised below. 
 
A set of eight test organisms was observed during growth on high iron (EE) or 
low iron (EM) media (Chapter 3).  The patterns of substrate utilisation were seen 
to vary, depending upon the species examined, growth history and the 
concentration of ferrous ions present (Table 3.2 and Table 3.5).  Only 
M. hakonensis maintained its behaviour irrespective of the adaptive history or the 
medium utilised.  When cultures of Sb.xthermosulfidooxidans and Sb. sibiricus 
were cultured on tetrathionate and had ferrous ions added, different behaviour was 
observed.  Sb. thermosulfidooxidans  was observed to cease tetrathionate 
utilisation and oxidise ferrous ions preferentially, while Sb.xsibiricus  oxidised 
ferrous and tetrathionate ions simultaneously (Figure 3.3).  In all batch cultures 
examined ferrous ions were preferentially or concurrently oxidised in the presence 
of tetrathionate (Table 3.2 and Table 3.5).  Preferential utilisation of tetrathionate 
was not observed under any conditions tested.   
 
Patterns of growth could be divided into two general types; those that 
demonstrated a single phase of growth and those which exhibited a diauxic pattern 
(Figure 3.1 and Figure 3.2).  Diauxic growth patterns were commonly associated                                                                                                                 
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with sequential substrate utilisation.  A single phase of growth was typically 
associated with simultaneous substrate utilisation. 
 
When comparing growth on EE and EM media, planktonic cell numbers were 
not consistently proportional to the total number of electrons supplied by the 
substrates (Figure 3.1 and Figure 3.2).  COD tests performed on batch cultures of 
At. caldus after tetrathionate exhaustion revealed significant quantities of soluble 
biomass present in solution that did not constitute planktonic cell mass (Table 
4.3).  Although the presence of soluble biomass will not influence a kinetic study, 
thermodynamic investigations will benefit from a more accurate yield. 
 
The presence of thiosulfate and other polythionates was indicative of 
tetrathionate hydrolysis, with unbound thiosulfate a product of the reaction 
(Section 4.1.2).  Pentathionate and hexathionate were demonstrated to be 
generated through reactions of thiosulfate with tetrathionate and subsequently 
pentathionate (Figure 4.8).  The  intermediates detected  during tetrathionate 
utilisation were identical across all organisms tested.  Based on these data it was 
demonstrated that all species utilise a tetrathionate hydrolase enzyme (Section 
3.5).   
 
An interpretation of growth yields to the energetic framework of Battley (1996) 
indicates that the sulfur(IV)/sulfur(VI) oxidative couple is utilised for growth 
(Figure 4.4).  During batch culture growth of At. caldus at different starting pH the 
total quantity of reduced carbon in solution was equivalent.  This implied that                                                                                                                 
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sulfur (IV) was not sourced from free sulfite in solution.  Elemental sulfur, which 
was detected in batch cultures of At.xcaldus (Section 4.1), can potentially provide 
enzyme bound sulfur(IV), which would not be subject to the bulk solution 
conditions, for growth. 
 
In the presence of nitrate, substrate utilisation patterns were altered.  Ferrous 
ion oxidation was inhibited to a greater extent than tetrathionate utilisation   
(Figure  5.3  and  Figure  5.4).  For instance, tetrathionate-adapted cultures of 
Sb. acidophilus and Sb. sibiricus preferentially utilised tetrathionate before ferrous 
ions in the presence of nitrate (Figure 5.3).  Only iron-adapted 
Sb. thermosulfidooxidans  and  M. hakonensis had substrate utilisation patterns 
remain unchanged.  These species preferentially oxidised ferrous ions in the 
presence of nitrate (Figure 5.3 and Figure 5.4). 
 
Nitrate significantly reduced planktonic cell numbers (Figure  5.1).  The 
magnitude of this effect varied, depending upon the chemolithotrophic species of 
study, adaptive history and quantity of nitrate present.  Tetrathionate-adapted cell 
lines demonstrated a greater resistance to nitrate, producing greater planktonic cell 
concentrations when compared to iron-adapted cells (Figure 5.1).  
 
Nitrate was added to mixed cultures bioleaching chalcopyrite concentrate.  At 
temperatures of 30 and 45 °C the addition of nitrate repressed iron oxidation for 
short periods (Figure 6.1 and Figure 6.2).  However, redox potentials eventually 
rose above 500xmV and copper extraction was comparable with, or less than, that                                                                                                                 
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seen in cultures without nitrate present.  At a temperature of 60 °C nitrate 
concentrations of 20 and 30 mM reduced the rate of iron oxidation such that redox 
potentials were maintained between 430–460 mV (Figure 6.3).  These solution 
conditions improved copper extraction during chalcopyrite concentrate 
bioleaching. 
 
7.1  Applications to industrial or environmental processes 
 
The selective inhibition of iron oxidation potentially allows low redox 
chalcopyrite bioleaching.  Heap or tank leach operations would face significant 
technical challenges implementing and maintaining this solution condition, but 
would potentially have improved rates of copper extraction.  In a heap leach 
environment the chemolithotrophic population will be dynamic, changing in 
response to varying conditions throughout the heap.  Only one species present 
needs to be resistant to an anionic inhibitor, such as nitrate, for the redox potential 
to rise, creating solution conditions that enhance surface passivation.  Any 
inhibitors used must be effective on all species present throughout the heap 
lifecycle.  Heaps will initially operate at low temperatures, which will promote the 
growth of mesophilic and moderately thermophilic species.  Based on the results 
of this study it would not be possible to control iron oxidation during this period. 
 
A strategy of anionic inhibition will be more feasible if applied to tank 
leaching.  During tank leaching higher temperatures and more uniform conditions 
can be implemented, typically leading to a small number of organisms dominating                                                                                                                 
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the population.  Higher temperatures will also prevent growth of mesophilic and 
moderately thermophilic organisms demonstrated to exhaust ferrous ions in the 
presence of nitrate.  However, strategies must still be implemented to deal with 
organisms adapting to nitrate over a long-term period. 
 
7.2  Recommendations for future work 
 
A large amount of additional work could be performed to build upon the 
findings of this study.  Initially, it would be prudent to use the chemical 
techniques described in this study to investigate other common ions and 
physiochemical parameters on the regulation and behaviour of selected organisms.  
Additionally a number of molecular studies could be performed to support the 
behaviour reported during chemical and solution studies.  Future fundamental or 
applied investigations could include; 
 
1.  Investigating the effect of different solution parameters on substrate 
regulation.  This includes the effect of cations, pH, temperature and 
ionic strength. 
 
2.  An investigation of the molecular and biochemical regulation of ferrous 
ion and sulfur oxidation across a range of untested species, both 
bacteria and archaea. 
 
3.  Investigating alternative iron oxidation inhibitors that can be used to 
enhance leaching of low grade chalcopyrite ores. 
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Appendices 
 
Appendix A:  Data utilised during thermodynamic calculations 
 
 
 
Appendix B:  SEM-EDX analysis of precipitate observed during batch 
culture growth of At. caldus with 20 mM tetrathionate 
 
During batch culture growth of At. caldus  in minimal medium containing 
20 mM of tetrathionate a precipitate was observed.  SEM-EDX analysis of the 
precipitate was undertaken.  Analysis revealed a prominent peak at 2.2 kV, 
corresponding to sulfur. 
 
Figure B1: SEM-EDX spectrum of precipitate observed during batch culture 
growth of At. caldus with 20 mM of tetrathionate present. 
Species State ∆fG
0  kJ mol
-1 ∆fH
0  kJ mol
-1 S
0  J K
-1 mol
-1
H
+  (aq) 0.0 0.0 0.0
S solid (Orthorhombic) 0.0 0.0 32.1
SO4
2-  (aq) -744.0 -909.0 553.7
S2O3
2- (aq) -524.8 -648.2 414.0
S3O6
2-  (aq) -961.0 -1166.8 690.5
S4O6
2-  (aq) -1040.1 -1223.7 616.1
S5O6
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Appendix C:  Concentration of nitrate over the duration of batch cultures 
 
Nitrate concentrations were measured at the start and end of batch cultures of 
selected experiments.  Concentrations remained within ±5 % of the starting 
concentration over the duration of experiments (Table C1).  Based on this data it 
was assumed that nitrate was not removed from solution via chemical or 
biological mechanisms. 
 
Table C1: Initial and final nitrate concentrations measured in batch cultures of   
Sb. thermosulfidooxidans and Sb. sibiricus. 
 
 
 
Appendix D:  Chalcopyrite concentrate characterisation 
 
The chalcopyrite concentrate, utilised during concentrate leaching batch tests 
(Section 2.5), was characterised via x-ray diffraction.  Traces of pyrite, quartz 
(SiO4), gypsum (CaSO4.2H2O) and jarosite were also detected. 
 
 
0 10 20 30 40
Sb. thermosulfidooxidans
Nitrate concentration - First sample (mM) <0.05 9.6 21.6 30.5 39.6
Nitrate concentration - Final sample (mM) <0.05 9.4 22.8 30.4 40.9
Sb. sibiricus
Nitrate concentration - First sample (mM) <0.05 8.9 18.4 29.9 39.6
Nitrate concentration - Final sample (mM) <0.05 9.3 19.5 30.6 41.0
Target concentration (mM)                                                                                                                
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Figure D1: XRD spectrum of chalcopyrite concentrate leached during tests 
(Section 2.5, Chapter 6) 
 
 
Appendix E: Background oxidation rates of tetrathionate and ferrous ions 
under experimental   conditions 
 
Under acidic conditions tetrathionate is comparatively stable (Druschell et al. 
2003).  An examination of the rate of decomposition in abiotic solutions over 
experimental time frames could not determine a significant background level of 
decomposition.  The rate was assumed to be too small to be measured given the 
error surrounding analysis (±3 %).  No thiosulfate, trithionate or hexathionate was 
detected at 30, 45 and 60 °C.  Trace quantities of pentathionate were detected, 
these ranged from approximately 5 × 10
-6 – 1 × 10
-5 M (Table E1).        
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Table E1:  Background rates of tetrathionate oxidation.  Concentrations of tetra- 
and pentathionate are reported, with each value an average of 4 replicates. 
 
 
 
Tetrathionate will be oxidised to sulfate in the presence of ferric ions and 
oxygen (Druschell  et al.  ibid).  The rate of decomposition increases with 
temperature and ferric ion concentration (Druschell et al. ibid).  A rate law at pH 
1.5, between 0.5 and 5 mM ferric, was proposed to be;   
 
r = k’ [S4O6
2-]
0.3±0.08 [Fe
3+]
0.15±0.09   
 
where k’ = 2.45 ×10
-7 (70 °C), 1.08 ×10
-8 (60 °C), 2.92 ×10
-9 (45 °C) and  
             5.67 ×10
-11 (25 °C). 
  
As the conditions of this study fell outside those of the kinetic study performed 
by  Druschell  et al.  (ibid), experimental rates were determined under relevant 
conditions.  Tetrathionate decomposition in the presence of ferric ions was 
measured via HPLC as described in Section 2.21.  Solutions of 2.5 mM 
tetrathionate in BSM medium (Section 2.1) were incubated at 30, 45 and 60 °C in 
the presence of 2.5 or 35 mM ferric ions.  The results obtained are presented in 
Table E2. 
 
Experimental rates obtained at 45 and 60 °C compare reasonably with 
calculated background rates, based upon the rate law presented by Druschell et al. 
(ibid).  Significant differences between calculated and experimental results arise at 
Time (hours) 30 °C 45 °C 60 °C 30 °C 45 °C 60 °C
0.00 2.43E-03 2.42E-03 2.43E-03 8.93E-06 8.39E-06 8.94E-06
24.00 2.40E-03 2.43E-03 2.46E-03 9.12E-06 1.03E-05 9.27E-06
47.50 2.40E-03 2.44E-03 2.45E-03 7.17E-06 8.53E-06 1.26E-05
72.00 2.41E-03 2.44E-03 2.45E-03 8.24E-06 8.68E-06 1.45E-05
Tetrathionate Pentathionate                                                                                                                
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30x°C and these are attributed to the differences in pH and iron concentrations 
present in this study.   
 
Table E2:  Background rates of tetrathionate oxidation in the presence of 2.5 mM 
ferric ions and 35 mM ferric ions.  Concentrations of tetrathionate are reported, 
with each value an average of 4 replicates. 
 
 
 
Rates of ferrous ion oxidation under experimental conditions were also 
determined.  Redox potentials were monitored and concentrations of ferrous ions 
were measured over a period of 100 hours, with starting concentrations of 2.5 and 
35 mM ferrous ions at 30, 45 and 60x°C.  Rates of ferrous ion oxidation were 
calculated using the method described in the studies of Blight and Ralph (2004) 
and Pesic and Oliver (1983).    These results are presented in Table E3.    
 
Table E3:  Background rates of ferrous ion oxidation with initial concentrations of 
2.5 or 35 mM.  
 
 
Time (hours) 30 °C 45 °C 60 °C 30 °C 45 °C 60 °C
0.00 2.56E-03 2.57E-03 2.53E-03 2.54E-03 2.50E-03 2.54E-03
22.25 2.56E-03 2.54E-03 2.50E-03 2.54E-03 2.49E-03 2.47E-03
69.00 2.53E-03 2.54E-03 2.45E-03 2.52E-03 2.48E-03 2.31E-03
143.00 2.49E-03 2.45E-03 2.25E-03 2.46E-03 2.40E-03 2.14E-03
Experimental rate (mol L
-1 hr
-1) 4.95E-07 8.10E-07 1.98E-06 5.29E-07 7.13E-07 2.80E-06
R
2 0.961 0.940 0.960 0.942 0.946 0.992
Calculated rate (mol L
-1 hr
-1) 3.41E-08 7.09E-07 2.62E-06 5.06E-08 1.05E-06 3.90E-06
2.5 mM Ferric 35 mM Ferric
30 °C 45 °C 60 °C 30 °C 45 °C 60 °C
Oxidation rate (mol L
-1 hr
-1) 1.25E-07 2.00E-07 5.13E-07 6.01E-06 1.13E-05 2.96E-05
R
2 0.997 0.997 0.999 0.992 0.999 0.993
2.5 mM Ferric 35 mM Ferric                                                                                                                
Appendices                                                                                                          157 
Appendix F:  Culture growth in EE medium (35 mM ferrous and 2.5 mM  
    tetrathionate ions)   
 
Table F1: Iron-adapted At. ferrooxidans cultured in EE medium. 
 
 
 
 
Figure F1: Iron-adapted At. ferrooxidans cultured in EE medium. 
 
 
 
 
 
 
 
 
 
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.45E-02 0.00E+00 0.00E+00 2.50E-03 3.86E-05 4.77E-07 6.25E+05
16.75 3.41E-02 0.00E+00 0.00E+00 2.40E-03 8.83E-06 2.15E-06 3.00E+06
20.00 3.39E-02 0.00E+00 0.00E+00 2.38E-03 1.05E-05 3.10E-06 2.00E+06
25.00 3.34E-02 0.00E+00 0.00E+00 2.32E-03 1.73E-05 6.08E-06 2.00E+06
29.50 3.21E-02 3.37E-06 0.00E+00 2.34E-03 1.97E-04 5.25E-06 5.00E+06
40.75 2.47E-02 6.75E-07 0.00E+00 2.03E-03 1.41E-04 4.82E-05 1.80E+07
45.25 1.98E-02 7.42E-06 0.00E+00 1.51E-03 3.21E-04 6.20E-05 2.10E+07
49.25 1.18E-02 0.00E+00 0.00E+00 1.78E-03 2.13E-04 1.51E-04 3.70E+07
53.25 5.05E-03 0.00E+00 0.00E+00 1.34E-03 2.09E-04 1.77E-04 4.60E+07
64.25 4.76E-04 7.12E-07 0.00E+00 4.02E-04 1.09E-04 4.15E-05 7.10E+07
69.25 1.32E-04 7.12E-07 0.00E+00 2.31E-04 2.86E-05 7.55E-07 7.40E+07
73.75 6.46E-05 0.00E+00 0.00E+00 2.05E-04 6.38E-06 2.52E-07 8.00E+07
77.75 9.08E-05 1.42E-06 0.00E+00 1.24E-04 2.16E-05 7.55E-07 1.22E+08
86.25 5.15E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.11E+08
0.0E+00
3.0E+07
6.0E+07
9.0E+07
1.2E+08
0.0E+00
1.0E-02
2.0E-02
3.0E-02
4.0E-02
0 30 60 90 120
C
e
l
l
 
n
u
m
b
e
r
s
 
(
c
e
l
l
s
 
m
L
-
1
)
F
e
r
r
o
u
s
 
(
M
)
,
 
T
e
t
r
a
t
h
i
o
n
a
t
e
 
(
*
1
0
 
M
)
Time (hours)
Tetrathionate 
Ferrous
Cell 
concentration 
0.00E+00
1.25E-04
2.50E-04
3.75E-04
5.00E-04
0.0E+00
7.5E-04
1.5E-03
2.3E-03
3.0E-03
0 30 60 90 120
O
t
h
e
r
 
p
o
l
y
t
h
i
o
n
a
t
e
s
 
(
M
)
T
e
t
r
a
t
h
i
o
n
a
t
e
 
(
M
)
Time (hours)
Tetrathionate
Thiosulfate
Trithionate
Pentathionate
Hexathionate                                                                                                                
Appendices                                                                                                          158 
Table F2: Tetrathionate-adapted At.  ferrooxidans cultured in EE medium. 
 
 
 
 
 
 
Figure F2: Tetrathionate-adapted At.. ferrooxidans cultured in EE medium. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.47E-02 0.00E+00 0.00E+00 2.39E-03 6.77E-06 0.00E+00 5.00E+05
10.50 3.46E-02 0.00E+00 0.00E+00 2.54E-03 5.78E-06 0.00E+00 5.56E+05
14.50 3.46E-02 7.20E-07 0.00E+00 2.50E-03 4.46E-05 1.53E-06 1.00E+06
18.50 3.46E-02 0.00E+00 0.00E+00 2.36E-03 3.25E-05 2.54E-06 3.00E+06
24.00 3.45E-02 0.00E+00 0.00E+00 2.41E-03 4.49E-05 2.67E-06 3.00E+06
35.00 3.37E-02 0.00E+00 0.00E+00 2.12E-03 1.35E-04 1.04E-05 7.00E+06
38.50 3.29E-02 0.00E+00 0.00E+00 1.95E-03 1.64E-04 1.60E-05 1.10E+07
42.75 3.07E-02 0.00E+00 0.00E+00 1.62E-03 2.31E-04 2.54E-05 1.90E+07
49.00 2.54E-02 5.04E-07 0.00E+00 1.37E-03 4.48E-04 7.07E-05 2.70E+07
59.50 1.17E-02 0.00E+00 0.00E+00 2.92E-05 7.55E-05 3.19E-05 5.20E+07
64.00 6.57E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.70E+07
68.00 3.60E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.10E+07
72.00 1.94E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.70E+07
83.00 2.01E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.40E+07
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Table F3: Iron-adapted Sb. acidophilus cultured in EE medium. 
 
 
 
 
Figure  F3: Iron-adapted Sb. acidophilus cultured in EE medium. 
 
 
 
 
 
 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.42E-02 0.00E+00 0.00E+00 2.52E-03 0.00E+00 0.00E+00 7.14E+05
11.50 3.39E-02 0.00E+00 0.00E+00 2.52E-03 1.59E-06 0.00E+00 1.00E+06
14.50 3.38E-02 0.00E+00 0.00E+00 2.48E-03 3.53E-06 0.00E+00 2.00E+06
19.00 3.38E-02 0.00E+00 0.00E+00 2.46E-03 3.00E-06 8.15E-07 2.00E+06
24.50 3.36E-02 0.00E+00 0.00E+00 2.48E-03 4.94E-06 0.00E+00 3.00E+06
35.50 2.20E-02 0.00E+00 0.00E+00 2.47E-03 3.07E-05 0.00E+00 8.00E+06
39.00 1.52E-02 0.00E+00 0.00E+00 2.43E-03 5.37E-05 0.00E+00 1.00E+07
43.00 7.29E-03 0.00E+00 0.00E+00 2.47E-03 6.25E-05 0.00E+00 1.90E+07
48.00 8.61E-04 5.38E-05 0.00E+00 2.26E-03 1.54E-04 2.57E-05 4.40E+07
59.50 8.46E-05 0.00E+00 0.00E+00 1.90E-03 2.08E-04 4.16E-06 4.20E+07
63.00 7.63E-05 0.00E+00 0.00E+00 1.51E-03 2.97E-04 5.71E-06 5.40E+07
66.50 9.70E-05 0.00E+00 0.00E+00 1.34E-03 5.12E-04 8.56E-06 3.80E+07
72.00 6.21E-05 0.00E+00 0.00E+00 1.82E-04 5.21E-04 1.88E-05 5.90E+07
82.50 5.05E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.60E+07
92.00 4.88E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.00E+07
104.50 4.11E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.20E+07
112.50 3.97E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.10E+07
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Table F4: Tetrathionate-adapted Sb. acidophilus cultured in EE medium. 
 
 
 
 
Figure F4: Tetrathionate-adapted Sb. acidophilus cultured in EE medium. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.45E-02 0.00E+00 0.00E+00 2.38E-03 0.00E+00 0.00E+00 6.25E+05
11.50 3.41E-02 0.00E+00 0.00E+00 2.46E-03 3.85E-05 0.00E+00 1.00E+06
14.50 3.39E-02 0.00E+00 0.00E+00 2.27E-03 7.50E-05 1.90E-06 2.00E+06
19.00 3.41E-02 0.00E+00 0.00E+00 1.84E-03 1.31E-04 4.88E-05 6.00E+06
24.50 3.37E-02 0.00E+00 0.00E+00 1.52E-03 3.74E-04 7.20E-06 1.10E+07
35.50 1.82E-02 0.00E+00 0.00E+00 7.87E-04 1.68E-04 0.00E+00 3.20E+07
39.00 1.05E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.60E+07
43.00 6.00E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.20E+07
48.00 5.60E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.70E+07
59.50 3.83E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.50E+07
63.00 3.46E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.50E+07
66.50 4.11E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.20E+07
72.00 2.29E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.90E+07
82.50 2.06E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+08
92.00 2.45E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.70E+07
104.50 3.23E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.50E+07
112.50 2.06E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.80E+07
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Table F5: Iron-adapted Sb. sibiricus cultured in EE medium. 
 
 
 
 
 
Figure F5: Iron-adapted Sb. sibiricus cultured in EE medium. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.48E-02 0.00E+00 0.00E+00 2.50E-03 2.40E-07 0.00E+00 1.00E+06
10.75 3.04E-02 5.22E-07 0.00E+00 2.46E-03 3.36E-06 0.00E+00 8.00E+06
15.00 2.23E-02 4.18E-06 0.00E+00 2.41E-03 3.48E-05 0.00E+00 3.20E+07
19.00 1.02E-02 0.00E+00 0.00E+00 1.76E-03 3.68E-04 9.79E-06 5.90E+07
24.00 7.26E-04 0.00E+00 0.00E+00 1.08E-03 5.49E-04 3.41E-05 7.20E+07
35.00 5.02E-04 0.00E+00 0.00E+00 1.91E-07 2.27E-04 8.13E-05 6.90E+07
39.00 4.72E-04 0.00E+00 0.00E+00 0.00E+00 2.53E-05 5.07E-05 7.50E+07
44.00 4.44E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.13E-05 6.80E+07
48.00 6.83E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.80E+07
58.75 4.58E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.00E+07
62.75 6.04E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.90E+07
67.00 3.69E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.00E+07
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Table F6: Tetrathionate-adapted Sb. sibiricus cultured in EE medium. 
 
 
 
 
Figure  F6: Tetrathionate-adapted Sb. sibiricus cultured in EE medium. 
 
 
 
 
 
 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.50E-02 1.35E-06 0.00E+00 2.50E-03 6.17E-06 0.00E+00 2.00E+06
16.25 3.27E-02 0.00E+00 0.00E+00 1.53E-03 3.50E-04 4.04E-06 6.00E+06
20.00 2.83E-02 0.00E+00 0.00E+00 1.16E-03 4.51E-04 6.18E-06 3.20E+07
24.00 2.31E-02 0.00E+00 0.00E+00 7.70E-04 4.74E-04 8.44E-06 4.40E+07
29.00 1.97E-02 0.00E+00 0.00E+00 3.38E-04 4.54E-04 1.16E-05 4.90E+07
40.00 1.24E-02 0.00E+00 0.00E+00 4.34E-05 1.93E-04 9.74E-06 6.90E+07
45.00 5.69E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.40E+07
49.00 1.99E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.90E+07
53.00 7.13E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.30E+07
64.50 1.37E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.50E+07
68.00 4.44E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.30E+07
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Table F7: Iron-adapted Sb. thermosulfidooxidans cultured in EE medium. 
 
 
 
 
Figure F7: Iron-adapted Sb. thermosulfidooxidans cultured in EE medium. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.52E-02 0.00E+00 0.00E+00 2.47E-03 0.00E+00 0.00E+00 8.33E+05
11.50 3.45E-02 0.00E+00 0.00E+00 2.37E-03 4.16E-06 0.00E+00 1.00E+06
16.00 3.31E-02 0.00E+00 0.00E+00 2.34E-03 5.79E-06 0.00E+00 8.00E+06
20.25 2.76E-02 0.00E+00 0.00E+00 2.33E-03 1.21E-05 0.00E+00 1.10E+07
25.25 7.75E-03 0.00E+00 0.00E+00 2.29E-03 2.80E-05 0.00E+00 2.70E+07
34.25 1.47E-03 0.00E+00 0.00E+00 2.15E-03 8.54E-05 1.67E-06 3.20E+07
39.25 2.18E-04 0.00E+00 0.00E+00 1.64E-03 1.23E-04 6.26E-06 3.90E+07
44.25 3.16E-04 2.36E-06 0.00E+00 1.32E-03 1.52E-04 1.04E-05 3.80E+07
58.25 2.77E-04 3.15E-06 0.00E+00 1.08E-03 3.33E-04 3.93E-05 4.40E+07
63.25 2.50E-04 9.45E-06 0.00E+00 9.53E-04 3.94E-04 5.23E-05 4.50E+07
67.25 2.77E-04 1.42E-05 0.00E+00 8.86E-04 4.34E-04 5.96E-05 4.60E+07
84.25 3.06E-04 0.00E+00 0.00E+00 3.01E-04 4.18E-04 7.31E-05 5.10E+07
88.25 2.77E-04 0.00E+00 0.00E+00 2.07E-04 3.83E-04 5.86E-05 6.20E+07
93.25 2.58E-04 0.00E+00 0.00E+00 1.92E-04 5.39E-04 2.92E-05 7.90E+07
114.00 3.75E-04 0.00E+00 0.00E+00 1.50E-05 3.42E-04 6.13E-06 8.10E+07
138.00 2.86E-04 0.00E+00 0.00E+00 6.07E-06 2.21E-04 3.06E-06 8.30E+07
152.00 2.34E-04 0.00E+00 0.00E+00 0.00E+00 3.62E-06 0.00E+00 7.80E+07
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Table F8: Tetrathionate-adapted Sb. thermosulfidooxidans cultured in EE 
medium. 
 
 
 
 
Figure F8: Tetrathionate-adapted Sb. thermosulfidooxidans cultured in EE 
medium. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.54E-02 0.00E+00 0.00E+00 2.49E-03 0.00E+00 0.00E+00 5.00E+05
11.50 3.50E-02 0.00E+00 0.00E+00 2.47E-03 7.13E-06 0.00E+00 4.00E+06
16.00 3.40E-02 0.00E+00 0.00E+00 2.47E-03 9.04E-06 0.00E+00 4.00E+06
20.25 2.93E-02 0.00E+00 0.00E+00 2.44E-03 1.06E-05 0.00E+00 9.00E+06
25.25 1.18E-02 0.00E+00 0.00E+00 2.31E-03 7.44E-05 0.00E+00 3.50E+07
34.25 2.42E-04 0.00E+00 0.00E+00 1.49E-03 3.04E-04 1.58E-05 4.20E+07
39.25 2.96E-04 0.00E+00 0.00E+00 1.11E-03 3.97E-04 2.96E-05 3.60E+07
44.25 5.24E-04 3.03E-06 0.00E+00 7.84E-04 7.27E-04 3.90E-05 4.10E+07
58.25 2.50E-04 2.27E-06 0.00E+00 2.19E-04 6.56E-04 9.00E-05 3.70E+07
63.25 3.87E-04 0.00E+00 0.00E+00 2.80E-05 6.09E-04 9.13E-05 4.20E+07
67.25 2.34E-04 0.00E+00 0.00E+00 1.38E-05 5.08E-04 9.01E-05 4.70E+07
84.25 2.77E-04 0.00E+00 0.00E+00 7.07E-06 3.29E-04 8.60E-05 5.40E+07
88.25 2.67E-04 0.00E+00 0.00E+00 5.23E-06 3.79E-04 6.04E-05 6.30E+07
93.25 2.77E-04 0.00E+00 0.00E+00 5.84E-06 1.30E-04 4.18E-05 7.60E+07
114.00 2.26E-04 0.00E+00 0.00E+00 0.00E+00 3.65E-05 1.35E-05 8.00E+07
138.00 2.11E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.30E+07
0.0E+00
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Table F9: Iron-adapted Sb. thermotolerans cultured in EE medium. 
 
 
 
 
Figure F9: Iron-adapted Sb. thermotolerans cultured in EE medium. 
 
 
 
 
 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.45E-02 0.00E+00 0.00E+00 2.53E-03 0.00E+00 0.00E+00 1.00E+06
11.50 3.36E-02 0.00E+00 0.00E+00 2.52E-03 1.94E-06 0.00E+00 2.00E+06
14.50 3.32E-02 0.00E+00 0.00E+00 2.51E-03 7.41E-06 0.00E+00 3.00E+06
19.00 3.30E-02 0.00E+00 0.00E+00 2.50E-03 1.09E-05 0.00E+00 4.00E+06
24.50 3.25E-02 0.00E+00 0.00E+00 2.49E-03 1.38E-05 0.00E+00 4.00E+06
35.50 1.67E-02 0.00E+00 0.00E+00 2.52E-03 1.48E-05 0.00E+00 1.20E+07
39.00 1.07E-02 0.00E+00 0.00E+00 2.54E-03 2.51E-05 0.00E+00 2.10E+07
43.00 2.55E-03 0.00E+00 2.08E-07 2.45E-03 6.39E-05 0.00E+00 3.50E+07
48.00 1.15E-04 0.00E+00 0.00E+00 2.18E-03 1.33E-04 2.58E-06 4.60E+07
59.50 9.38E-05 2.06E-05 2.64E-05 1.43E-03 3.27E-04 4.62E-05 5.40E+07
63.00 2.29E-04 0.00E+00 2.44E-05 1.24E-03 3.71E-04 4.21E-06 4.20E+07
66.50 7.90E-05 1.12E-06 3.41E-05 7.90E-04 5.12E-04 9.83E-05 4.00E+07
72.00 6.88E-05 0.00E+00 3.31E-05 3.12E-04 5.30E-04 1.25E-04 4.50E+07
82.50 5.79E-05 0.00E+00 3.14E-05 6.87E-06 4.80E-04 1.28E-04 3.80E+07
92.00 5.41E-05 0.00E+00 2.98E-05 2.50E-06 3.53E-04 1.19E-04 3.70E+07
104.50 5.23E-05 0.00E+00 2.46E-05 2.81E-06 3.00E-04 9.96E-05 4.10E+07
112.50 4.40E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.80E+07
0.0E+00
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Table F10: Tetrathionate-adapted Sb. thermotolerans cultured in EE medium. 
 
 
 
 
Figure  F10: Tetrathionate-adapted Sb. thermotolerans cultured in EE medium. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.45E-02 0.00E+00 0.00E+00 2.58E-03 0.00E+00 0.00E+00 7.14E+05
11.50 3.43E-02 0.00E+00 0.00E+00 2.41E-03 2.65E-06 0.00E+00 1.00E+06
14.50 3.42E-02 0.00E+00 0.00E+00 2.38E-03 3.00E-06 0.00E+00 5.00E+06
19.00 3.40E-02 0.00E+00 0.00E+00 2.42E-03 1.06E-05 0.00E+00 3.00E+06
24.50 3.40E-02 0.00E+00 0.00E+00 2.41E-03 6.71E-06 0.00E+00 2.00E+06
35.50 2.62E-02 0.00E+00 0.00E+00 2.20E-03 1.35E-04 1.63E-06 7.00E+06
39.00 2.03E-02 0.00E+00 3.33E-06 2.01E-03 2.26E-04 2.45E-06 1.10E+07
43.00 1.05E-02 3.46E-06 8.74E-06 1.49E-03 4.33E-04 5.16E-06 1.80E+07
48.00 7.04E-04 0.00E+00 2.56E-05 6.09E-04 5.93E-04 1.06E-05 4.90E+07
59.50 3.97E-05 2.96E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.30E+07
63.00 3.12E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.20E+07
66.50 2.91E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.80E+07
72.00 2.06E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.50E+07
82.50 1.99E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.40E+07
92.00 3.70E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.50E+07
104.50 2.45E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.70E+07
112.50 2.45E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.03E+08
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Table F11: Iron-adapted A. brierleyi cultured in EE medium. 
 
 
 
 
Figure  F11: Iron-adapted A. brierleyi cultured in EE medium. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.50E-02 1.23E-06 0.00E+00 2.50E-03 2.12E-06 0.00E+00 5.00E+05
16.25 3.42E-02 0.00E+00 0.00E+00 2.41E-03 2.96E-05 1.85E-06 2.00E+06
20.00 3.41E-02 0.00E+00 0.00E+00 2.31E-03 3.74E-05 2.29E-06 4.00E+06
24.00 3.39E-02 3.08E-07 0.00E+00 2.28E-03 4.37E-05 2.40E-06 2.00E+06
29.00 3.34E-02 0.00E+00 0.00E+00 2.33E-03 5.55E-05 3.16E-06 7.00E+06
40.00 3.17E-02 5.55E-06 0.00E+00 2.15E-03 1.04E-04 4.58E-06 9.00E+06
45.00 2.96E-02 1.79E-05 0.00E+00 2.02E-03 1.02E-04 5.34E-06 7.00E+06
49.00 2.87E-02 0.00E+00 0.00E+00 1.93E-03 1.00E-04 5.56E-06 1.30E+07
53.00 2.81E-02 3.08E-06 0.00E+00 1.92E-03 1.21E-04 6.43E-06 1.60E+07
64.50 2.31E-02 3.70E-06 0.00E+00 1.75E-03 1.40E-04 8.17E-06 1.40E+07
68.00 2.21E-02 0.00E+00 0.00E+00 1.70E-03 1.30E-04 8.61E-06 2.00E+07
77.00 1.50E-02 6.17E-07 0.00E+00 1.61E-03 1.63E-04 1.24E-05 3.80E+07
88.50 5.40E-03 1.23E-06 0.00E+00 1.34E-03 2.21E-04 1.48E-05 2.90E+07
101.50 1.29E-03 6.17E-07 0.00E+00 1.14E-03 1.74E-04 1.68E-05 3.70E+07
112.50 4.87E-04 1.23E-06 0.00E+00 5.21E-04 1.67E-04 1.74E-05 6.30E+07
118.50 3.58E-04 1.85E-06 0.00E+00 2.38E-04 1.60E-04 1.56E-05 5.90E+07
140.00 2.32E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.60E+07
164.00 9.44E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.90E+07
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Table F12: Tetrathionate-adapted A. brierleyi cultured in EE medium. 
 
 
 
 
Figure  F12: Tetrathionate-adapted A. brierleyi cultured in EE medium. 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.51E-02 0.00E+00 0.00E+00 2.50E-03 4.86E-06 0.00E+00 1.00E+06
16.25 3.43E-02 1.76E-06 0.00E+00 2.32E-03 3.76E-06 4.67E-06 1.00E+06
20.00 3.43E-02 8.81E-07 0.00E+00 2.34E-03 4.51E-05 6.23E-06 7.14E+05
24.00 3.42E-02 2.64E-06 0.00E+00 2.34E-03 5.75E-05 7.48E-06 6.25E+05
29.00 3.40E-02 5.29E-06 0.00E+00 2.17E-03 7.16E-05 6.85E-06 7.14E+05
40.00 3.34E-02 6.17E-06 0.00E+00 2.05E-03 1.03E-04 9.66E-06 6.25E+05
45.00 3.24E-02 8.81E-07 0.00E+00 1.98E-03 9.14E-05 1.03E-05 4.00E+06
49.00 3.21E-02 0.00E+00 0.00E+00 1.97E-03 9.25E-05 1.06E-05 4.00E+06
53.00 3.16E-02 9.69E-06 0.00E+00 1.75E-03 1.23E-04 9.66E-06 5.00E+06
64.50 2.90E-02 8.81E-07 0.00E+00 1.72E-03 1.27E-04 9.50E-06 4.00E+06
68.00 2.80E-02 0.00E+00 0.00E+00 1.65E-03 1.37E-04 1.07E-05 1.00E+07
77.00 2.18E-02 0.00E+00 0.00E+00 1.42E-03 1.94E-04 1.11E-05 1.40E+07
88.50 1.53E-02 4.41E-06 0.00E+00 1.13E-03 4.03E-04 2.34E-05 1.30E+07
101.50 7.16E-03 0.00E+00 0.00E+00 1.06E-03 2.35E-04 1.26E-05 2.30E+07
112.50 3.16E-04 0.00E+00 0.00E+00 7.89E-04 2.33E-04 2.82E-05 4.20E+07
118.50 2.25E-04 0.00E+00 0.00E+00 5.29E-04 2.47E-04 4.84E-05 4.10E+07
140.00 2.71E-04 0.00E+00 0.00E+00 1.32E-04 2.21E-04 4.27E-05 4.40E+07
164.00 9.15E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.10E+07
0.0E+00
3.0E+07
6.0E+07
9.0E+07
1.2E+08
0.0E+00
1.0E-02
2.0E-02
3.0E-02
4.0E-02
0 45 90 135 180
C
e
l
l
 
n
u
m
b
e
r
s
 
(
c
e
l
l
s
 
m
L
-
1
)
F
e
r
r
o
u
s
 
(
M
)
,
 
T
e
t
r
a
t
h
i
o
n
a
t
e
 
(
*
1
0
 
M
)
Time (hours)
Tetrathionate 
Ferrous
Cell 
concentration 
0.00E+00
2.50E-04
5.00E-04
7.50E-04
1.00E-03
0.0E+00
7.5E-04
1.5E-03
2.3E-03
3.0E-03
0 45 90 135 180
O
t
h
e
r
 
p
o
l
y
t
h
i
o
n
a
t
e
s
 
(
M
)
T
e
t
r
a
t
h
i
o
n
a
t
e
 
(
M
)
Time (hours)
Tetrathionate
Thiosulfate
Trithionate
Pentathionate
Hexathionate                                                                                                                
Appendices                                                                                                          169 
Table F13: Iron-adapted M. hakonensis cultured in EE medium. 
 
 
 
 
Figure  F13: Iron-adapted M. hakonensis cultured in EE medium. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.34E-02 0.00E+00 0.00E+00 2.50E-03 1.52E-05 0.00E+00 1.00E+06
10.50 3.32E-02 0.00E+00 0.00E+00 2.50E-03 2.79E-05 0.00E+00 1.00E+06
16.00 3.29E-02 8.93E-07 0.00E+00 2.45E-03 4.86E-05 2.68E-06 3.00E+06
22.00 3.20E-02 0.00E+00 0.00E+00 2.37E-03 7.13E-05 3.79E-06 8.00E+06
34.00 2.12E-02 0.00E+00 0.00E+00 2.43E-03 1.15E-04 2.68E-06 2.30E+07
37.25 1.36E-02 0.00E+00 0.00E+00 2.35E-03 1.18E-04 3.00E-06 4.10E+07
41.25 4.00E-03 0.00E+00 0.00E+00 2.29E-03 1.30E-04 3.47E-06 2.50E+07
46.50 3.56E-04 0.00E+00 0.00E+00 1.99E-03 2.09E-04 3.17E-05 2.60E+07
59.00 6.76E-04 0.00E+00 0.00E+00 9.93E-04 3.12E-04 9.97E-05 3.40E+07
64.75 2.62E-04 0.00E+00 0.00E+00 6.41E-04 4.22E-04 1.34E-04 8.00E+07
70.50 4.08E-04 0.00E+00 0.00E+00 2.63E-04 3.73E-04 1.48E-04 6.30E+07
82.50 1.87E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.02E+08
88.75 8.23E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.70E+07
106.50 1.33E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.02E+08
110.00 7.95E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.60E+07
119.00 7.69E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.50E+07
135.00 9.12E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.70E+07
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Table F14: Tetrathionate-adapted M. hakonensis cultured in EE medium. 
 
 
 
 
Figure  F14: Tetrathionate-adapted M. hakonensis cultured in EE medium. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.34E-02 0.00E+00 0.00E+00 2.47E-03 1.26E-06 0.00E+00 1.00E+06
6.00 3.31E-02 0.00E+00 0.00E+00 2.45E-03 8.31E-06 0.00E+00 1.00E+06
18.00 3.28E-02 0.00E+00 0.00E+00 2.38E-03 2.41E-05 1.38E-06 2.00E+06
21.00 3.26E-02 1.38E-06 0.00E+00 2.37E-03 3.18E-05 1.21E-06 5.00E+06
25.00 3.20E-02 2.29E-06 0.00E+00 2.32E-03 4.15E-05 1.13E-06 7.00E+06
30.50 2.85E-02 9.17E-07 0.00E+00 2.27E-03 5.94E-05 1.30E-06 2.20E+07
41.50 1.53E-02 0.00E+00 0.00E+00 2.22E-03 8.95E-05 1.13E-06 4.00E+07
46.00 6.37E-03 0.00E+00 0.00E+00 2.19E-03 9.93E-05 1.38E-06 6.10E+07
50.00 4.22E-04 0.00E+00 0.00E+00 2.17E-03 1.06E-04 1.13E-06 5.30E+07
54.50 2.54E-04 0.00E+00 0.00E+00 1.95E-03 1.35E-04 1.78E-06 6.20E+07
65.50 9.12E-05 0.00E+00 0.00E+00 1.11E-03 2.18E-04 7.69E-05 5.40E+07
71.00 1.33E-04 0.00E+00 0.00E+00 6.40E-04 2.58E-04 8.50E-05 5.60E+07
77.00 1.57E-04 0.00E+00 0.00E+00 1.90E-04 2.92E-04 9.80E-05 8.10E+07
88.50 1.16E-04 0.00E+00 0.00E+00 8.00E-05 2.11E-04 8.34E-05 8.40E+07
95.00 8.81E-05 0.00E+00 0.00E+00 3.91E-05 1.07E-04 5.18E-05 7.90E+07
101.50 1.42E-04 0.00E+00 0.00E+00 8.00E-06 3.17E-05 1.86E-05 9.10E+07
113.00 1.28E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.80E+07
119.25 1.42E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.90E+07
0.0E+00
3.0E+07
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Table F15: Tetrathionate-adapted S. metallicus cultured in EE mediums. 
 
 
 
 
Figure  F15: Tetrathionate-adapted S. metallicus cultured in EE mediums. 
 
 
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.50E-02 0.00E+00 0.00E+00 2.50E-03 0.00E+00 0.00E+00 1.00E+06
10.50 3.45E-02 5.21E-06 0.00E+00 2.21E-03 1.71E-05 0.00E+00 1.00E+06
16.00 3.39E-02 7.44E-07 0.00E+00 1.88E-03 6.23E-05 1.45E-06 2.00E+06
22.00 3.32E-02 4.46E-06 0.00E+00 1.84E-03 1.62E-04 2.24E-06 5.00E+06
34.00 2.98E-02 3.72E-06 0.00E+00 1.34E-03 3.30E-04 4.60E-06 7.00E+06
37.25 2.84E-02 2.98E-06 0.00E+00 2.32E-04 4.87E-04 3.25E-05 2.20E+07
41.25 2.82E-02 3.72E-06 0.00E+00 8.06E-05 1.72E-04 4.56E-05 4.00E+07
46.50 2.53E-02 7.44E-07 0.00E+00 1.51E-06 6.83E-06 1.41E-05 6.10E+07
59.00 1.52E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.50E+07
64.75 8.30E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.90E+07
70.50 6.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.30E+07
82.50 2.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.00E+07
88.75 1.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.10E+07
106.50 1.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.40E+07
110.00 1.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.90E+07
119.00 1.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.10E+07
130.50 1.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.80E+07
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Appendix G: Culture growth in EM medium (2.5 mM ferrous and 2.5 mM  
             tetrathionate ions)   
 
Table G1: Iron-adapted At.. ferrooxidans cultured in EM medium. 
 
 
 
 
Figure G1: Iron-adapted At.. ferrooxidans cultured in EM medium. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 2.36E-03 2.50E-06 0.00E+00 2.34E-03 6.50E-06 0.00E+00 1.00E+06
16.75 1.66E-03 1.66E-06 0.00E+00 2.28E-03 1.41E-05 2.50E-06 2.00E+06
20.00 1.42E-03 0.00E+00 0.00E+00 2.37E-03 1.38E-05 4.12E-06 3.00E+06
25.00 8.83E-04 4.16E-07 0.00E+00 2.35E-03 1.97E-05 6.91E-06 2.00E+06
29.50 3.22E-04 1.66E-06 0.00E+00 2.23E-03 6.99E-05 1.50E-05 4.00E+06
40.75 4.19E-05 8.32E-07 0.00E+00 1.86E-03 7.30E-05 4.85E-05 1.60E+07
45.25 4.95E-05 0.00E+00 0.00E+00 1.78E-03 8.69E-05 6.71E-05 2.30E+07
49.25 9.96E-05 0.00E+00 0.00E+00 1.57E-03 1.13E-04 9.64E-05 2.50E+07
53.25 6.34E-05 0.00E+00 0.00E+00 1.37E-03 1.38E-04 1.18E-04 2.10E+07
64.25 4.95E-05 1.57E-06 0.00E+00 8.83E-04 1.81E-04 1.38E-04 4.00E+07
69.25 1.89E-05 0.00E+00 0.00E+00 6.42E-04 1.25E-04 1.24E-04 3.70E+07
73.75 1.32E-04 0.00E+00 0.00E+00 3.80E-04 6.43E-05 5.49E-05 4.80E+07
77.75 5.60E-05 2.35E-06 0.00E+00 1.29E-04 2.17E-05 8.30E-07 4.10E+07
86.25 7.48E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.70E+07
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Table G2: Tetrathionate-adapted At. ferrooxidans cultured in EM medium. 
 
 
 
 
Figure G2: Tetrathionate-adapted At. ferrooxidans cultured in EM medium. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 2.25E-03 0.00E+00 0.00E+00 2.43E-03 7.83E-06 2.36E-07 5.00E+05
10.50 2.26E-03 0.00E+00 0.00E+00 2.47E-03 1.55E-05 0.00E+00 5.88E+05
14.50 2.26E-03 0.00E+00 0.00E+00 2.52E-03 1.17E-05 8.27E-07 1.00E+06
18.50 2.24E-03 8.03E-06 0.00E+00 2.16E-03 9.03E-05 1.77E-06 2.00E+06
24.00 2.13E-03 6.69E-07 0.00E+00 2.31E-03 8.48E-05 3.19E-06 2.00E+06
35.00 1.87E-03 0.00E+00 0.00E+00 2.07E-03 1.54E-04 1.32E-05 5.00E+06
38.50 1.72E-03 0.00E+00 0.00E+00 1.89E-03 2.10E-04 1.89E-05 1.30E+07
42.75 1.25E-03 0.00E+00 0.00E+00 1.61E-03 2.84E-04 2.93E-05 1.80E+07
49.00 6.03E-04 6.69E-07 0.00E+00 1.56E-03 6.28E-04 7.13E-05 1.60E+07
59.50 2.26E-04 4.01E-08 0.00E+00 1.33E-03 6.33E-04 8.75E-05 4.50E+07
64.00 1.30E-04 0.00E+00 0.00E+00 1.58E-04 3.87E-04 1.22E-04 4.10E+07
68.00 8.01E-05 0.00E+00 0.00E+00 1.68E-05 5.34E-05 2.55E-05 8.40E+07
72.00 7.09E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.30E+07
83.00 5.72E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.05E+08
0.00E+00
3.00E+07
6.00E+07
9.00E+07
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Table G3: Iron-adapted Sb. acidophilus cultured in EM medium. 
 
 
 
 
Figure G3: Iron-adapted Sb. acidophilus cultured in EM medium. 
 
 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 2.42E-03 0.00E+00 0.00E+00 2.51E-03 0.00E+00 0.00E+00 8.33E+05
11.50 2.40E-03 0.00E+00 0.00E+00 2.50E-03 0.00E+00 0.00E+00 1.00E+06
14.50 2.40E-03 0.00E+00 0.00E+00 2.45E-03 5.17E-06 0.00E+00 1.00E+06
19.00 2.40E-03 0.00E+00 0.00E+00 2.40E-03 1.36E-06 0.00E+00 3.00E+06
24.50 2.37E-03 0.00E+00 0.00E+00 2.38E-03 1.58E-05 5.34E-06 2.00E+06
35.50 5.53E-04 4.03E-05 0.00E+00 2.31E-03 1.84E-05 1.05E-05 4.00E+06
39.00 4.35E-04 0.00E+00 0.00E+00 2.35E-03 8.30E-06 0.00E+00 7.00E+06
43.00 1.17E-04 0.00E+00 0.00E+00 2.33E-03 1.43E-05 0.00E+00 8.00E+06
48.00 8.15E-05 0.00E+00 0.00E+00 2.32E-03 6.17E-05 0.00E+00 1.90E+07
59.50 3.92E-05 0.00E+00 0.00E+00 2.14E-03 5.47E-05 1.05E-06 3.70E+07
63.00 3.03E-05 0.00E+00 0.00E+00 2.16E-03 8.36E-05 0.00E+00 3.90E+07
66.50 2.61E-05 0.00E+00 0.00E+00 2.13E-03 1.04E-04 1.05E-05 5.20E+07
72.00 2.81E-05 0.00E+00 0.00E+00 2.00E-03 2.35E-04 2.93E-06 6.10E+07
82.50 2.25E-05 0.00E+00 0.00E+00 4.48E-04 6.03E-04 9.53E-06 6.70E+07
92.00 1.55E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.70E+07
104.50 4.54E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.10E+07
112.50 3.26E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.10E+08
0.00E+00
3.00E+07
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Table G4: Tetrathionate-adapted Sb. acidophilus cultured in EM medium. 
 
 
 
 
Figure G4: Tetrathionate-adapted Sb. acidophilus cultured in EM medium. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 2.38E-03 0.00E+00 0.00E+00 2.50E-03 8.19E-06 0.00E+00 6.25E+05
11.50 2.35E-03 0.00E+00 0.00E+00 2.48E-03 4.25E-05 0.00E+00 2.00E+06
14.50 2.35E-03 5.44E-07 0.00E+00 2.32E-03 7.29E-05 5.44E-07 1.00E+06
19.00 2.33E-03 1.20E-06 0.00E+00 1.96E-03 1.31E-04 1.20E-06 6.00E+06
24.50 2.32E-03 0.00E+00 0.00E+00 1.74E-03 9.04E-06 0.00E+00 1.40E+07
35.50 2.00E-03 9.03E-06 0.00E+00 1.28E-04 3.73E-04 9.03E-06 2.80E+07
39.00 1.34E-03 8.48E-06 0.00E+00 1.45E-05 1.88E-04 8.48E-06 2.90E+07
43.00 3.27E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.50E+07
48.00 2.12E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.90E+07
59.50 9.41E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.15E+08
63.00 7.86E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.30E+07
66.50 8.76E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.10E+07
72.00 4.22E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.06E+08
82.50 6.09E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.20E+07
92.00 5.07E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.50E+07
104.50 4.71E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.20E+07
112.50 3.51E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.15E+08
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Table G5: Iron-adapted Sb. sibiricus cultured in EM medium. 
 
 
 
 
Figure G5: Iron-adapted Sb. sibiricus cultured in EM medium. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 2.39E-03 0.00E+00 0.00E+00 2.50E-03 1.44E-06 0.00E+00 1.00E+06
10.75 1.03E-03 6.26E-06 0.00E+00 2.47E-03 2.01E-05 0.00E+00 4.00E+06
15.00 6.82E-04 6.96E-07 0.00E+00 2.42E-03 1.93E-05 0.00E+00 2.40E+07
19.00 2.08E-04 3.48E-06 0.00E+00 2.21E-03 9.30E-05 1.11E-06 2.30E+07
24.00 2.16E-04 0.00E+00 0.00E+00 1.58E-03 2.87E-04 1.40E-05 2.80E+07
35.00 2.92E-04 0.00E+00 0.00E+00 1.41E-06 1.60E-05 2.46E-05 4.50E+07
39.00 1.31E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.80E+07
44.00 6.35E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.00E+07
48.00 1.41E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.20E+07
58.75 1.59E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.90E+07
62.75 2.10E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.70E+07
67.00 1.78E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.70E+07
0.00E+00
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Table G6: Tetrathionate-adapted Sb. sibiricus cultured in EM medium. 
 
 
 
 
Table G6: Tetrathionate-adapted Sb. sibiricus cultured in EM medium. 
 
 
 
 
 
 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 2.51E-03 0.00E+00 0.00E+00 2.50E-03 6.83E-06 0.00E+00 2.00E+06
16.25 3.25E-04 6.61E-07 0.00E+00 1.39E-03 4.28E-04 5.14E-06 1.20E+07
20.00 1.85E-04 0.00E+00 0.00E+00 8.56E-04 5.58E-04 8.18E-06 2.30E+07
24.00 1.65E-04 0.00E+00 0.00E+00 2.52E-04 6.01E-04 1.46E-05 3.50E+07
29.00 1.59E-04 0.00E+00 0.00E+00 2.31E-05 2.09E-04 1.64E-05 5.30E+07
40.00 6.61E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.90E+07
45.00 1.39E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.07E+08
49.00 7.80E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.20E+07
53.00 3.55E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.10E+08
64.50 9.59E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.80E+07
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3.00E+07
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Table G7: Iron-adapted Sb. thermosulfidooxidans cultured in EM medium. 
 
 
 
 
Figure  G7: Iron-adapted Sb. thermosulfidooxidans cultured in EM medium. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 2.48E-03 0.00E+00 0.00E+00 2.48E-03 0.00E+00 0.00E+00 8.33E+05
11.50 8.45E-04 0.00E+00 0.00E+00 2.50E-03 1.10E-06 0.00E+00 1.00E+06
16.00 5.64E-04 1.37E-06 0.00E+00 2.45E-03 6.15E-06 0.00E+00 6.00E+06
20.25 3.57E-04 0.00E+00 0.00E+00 2.54E-03 4.89E-06 0.00E+00 4.00E+06
25.25 1.34E-04 0.00E+00 0.00E+00 2.45E-03 8.67E-06 0.00E+00 6.00E+06
34.25 3.12E-05 0.00E+00 0.00E+00 2.30E-03 2.30E-05 0.00E+00 2.00E+07
39.25 4.20E-05 0.00E+00 0.00E+00 2.32E-03 4.40E-05 0.00E+00 2.60E+07
44.25 4.76E-05 0.00E+00 0.00E+00 2.34E-03 9.32E-05 7.28E-07 2.10E+07
58.25 7.24E-05 0.00E+00 0.00E+00 1.79E-03 2.81E-04 1.94E-06 3.30E+07
63.25 6.66E-05 4.81E-06 0.00E+00 1.56E-03 3.74E-04 2.67E-06 2.80E+07
67.25 8.91E-05 2.75E-06 0.00E+00 1.18E-03 3.28E-04 2.18E-06 3.10E+07
84.25 5.87E-05 6.87E-06 0.00E+00 7.50E-04 6.13E-04 4.85E-06 3.00E+07
88.25 8.55E-05 8.93E-06 0.00E+00 7.11E-04 7.00E-04 4.61E-06 5.00E+07
93.25 1.58E-04 0.00E+00 0.00E+00 6.74E-04 8.84E-04 5.10E-06 8.60E+07
114.00 4.97E-05 0.00E+00 0.00E+00 3.32E-04 6.75E-04 2.31E-06 9.30E+07
138.00 4.76E-05 0.00E+00 0.00E+00 3.65E-05 3.23E-04 1.21E-06 8.90E+07
152.00 5.18E-05 0.00E+00 0.00E+00 0.00E+00 1.58E-06 0.00E+00 9.20E+07
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Table G8: Tetrathionate-adapted Sb. thermosulfidooxidans cultured in EM 
medium. 
 
 
 
 
 
Figure G8: Tetrathionate-adapted Sb. thermosulfidooxidans cultured in EM 
medium. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 2.51E-03 0.00E+00 0.00E+00 2.50E-03 1.12E-06 0.00E+00 1.00E+06
11.50 1.90E-03 0.00E+00 0.00E+00 2.44E-03 9.12E-06 0.00E+00 5.00E+06
16.00 1.26E-03 2.79E-06 0.00E+00 2.38E-03 1.44E-05 0.00E+00 5.00E+06
20.25 5.93E-04 6.97E-07 0.00E+00 2.40E-03 1.49E-05 2.46E-07 8.00E+06
25.25 2.18E-04 1.39E-06 0.00E+00 2.36E-03 2.70E-05 0.00E+00 6.00E+06
34.25 1.10E-04 3.48E-06 0.00E+00 1.83E-03 7.21E-05 4.93E-07 2.00E+07
39.25 1.44E-04 3.48E-06 0.00E+00 1.84E-03 1.59E-04 1.23E-06 1.70E+07
44.25 1.06E-04 6.27E-06 0.00E+00 1.50E-03 2.05E-04 1.23E-06 2.50E+07
58.25 1.44E-04 1.46E-05 0.00E+00 1.32E-03 4.54E-04 3.20E-06 2.70E+07
63.25 1.10E-04 4.18E-06 0.00E+00 1.16E-03 5.73E-04 3.69E-06 2.10E+07
67.25 8.71E-05 1.05E-05 0.00E+00 6.05E-04 7.09E-04 5.66E-06 2.60E+07
84.25 1.10E-04 0.00E+00 0.00E+00 2.62E-04 6.57E-04 1.15E-05 4.10E+07
88.25 8.38E-05 0.00E+00 0.00E+00 2.42E-04 6.08E-04 1.35E-05 7.20E+07
93.25 7.16E-05 0.00E+00 0.00E+00 8.09E-05 5.52E-04 5.54E-06 8.10E+07
114.00 8.05E-05 0.00E+00 0.00E+00 6.73E-05 1.95E-05 4.68E-06 7.80E+07
138.00 7.74E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.40E+07
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3.00E+07
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Table G9: Iron-adapted Sb. thermotolerans cultured in EM medium. 
 
 
 
 
Figure G9: Iron-adapted Sb. thermotolerans cultured in EM medium. 
 
 
 
 
 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 2.37E-03 0.00E+00 0.00E+00 2.40E-03 1.47E-05 0.00E+00 8.33E+05
11.50 2.27E-03 0.00E+00 0.00E+00 2.54E-03 0.00E+00 0.00E+00 3.00E+06
14.50 2.23E-03 0.00E+00 0.00E+00 2.46E-03 8.12E-06 0.00E+00 4.00E+06
19.00 2.22E-03 0.00E+00 0.00E+00 2.37E-03 8.50E-06 0.00E+00 5.00E+06
24.50 2.04E-03 0.00E+00 0.00E+00 2.45E-03 2.40E-05 4.80E-06 4.00E+06
35.50 6.91E-04 0.00E+00 0.00E+00 2.45E-03 2.83E-05 0.00E+00 7.00E+06
39.00 2.96E-04 0.00E+00 0.00E+00 2.47E-03 4.36E-05 0.00E+00 8.00E+06
43.00 1.30E-04 8.22E-06 0.00E+00 2.30E-03 4.80E-05 0.00E+00 1.60E+07
48.00 2.35E-04 0.00E+00 0.00E+00 2.27E-03 5.12E-05 0.00E+00 1.70E+07
59.50 5.87E-05 0.00E+00 1.11E-06 2.05E-03 9.08E-05 3.49E-06 1.80E+07
63.00 5.26E-05 0.00E+00 1.34E-06 1.74E-03 2.08E-04 6.86E-05 2.70E+07
66.50 4.71E-05 1.23E-05 2.49E-05 1.42E-03 2.53E-04 8.14E-06 2.20E+07
72.00 9.41E-05 0.00E+00 0.00E+00 1.29E-03 2.83E-04 2.17E-05 2.80E+07
82.50 4.22E-05 0.00E+00 2.67E-05 1.06E-03 3.59E-04 2.79E-05 2.30E+07
92.00 4.07E-05 0.00E+00 2.74E-05 8.85E-04 3.49E-04 3.84E-05 2.60E+07
104.50 9.76E-05 0.00E+00 2.00E-05 2.50E-04 2.08E-04 1.50E-05 2.30E+07
112.50 8.15E-05 0.00E+00 1.94E-05 3.17E-05 1.00E-04 7.27E-06 2.20E+07
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Table G10: Tetrathionate-adapted Sb. thermotolerans cultured in EM medium. 
 
 
 
 
Figure G10: Tetrathionate-adapted Sb. thermotolerans cultured in EM medium. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 2.43E-03 0.00E+00 0.00E+00 2.49E-03 3.90E-06 0.00E+00 5.56E+05
11.50 2.40E-03 0.00E+00 0.00E+00 2.48E-03 6.93E-06 0.00E+00 8.33E+05
14.50 2.39E-03 0.00E+00 0.00E+00 2.39E-03 6.28E-06 0.00E+00 2.00E+06
19.00 2.39E-03 0.00E+00 0.00E+00 2.43E-03 4.79E-05 0.00E+00 1.00E+06
24.50 2.34E-03 9.43E-06 0.00E+00 2.46E-03 5.52E-05 0.00E+00 1.00E+06
35.50 8.70E-04 0.00E+00 0.00E+00 2.49E-03 3.16E-05 0.00E+00 2.00E+06
39.00 3.49E-04 0.00E+00 0.00E+00 2.42E-03 4.59E-05 6.67E-08 7.00E+06
43.00 2.27E-04 0.00E+00 0.00E+00 2.32E-03 7.34E-05 1.17E-06 8.00E+06
48.00 1.84E-04 0.00E+00 0.00E+00 2.00E-03 9.70E-05 2.17E-06 1.00E+07
59.50 1.05E-04 0.00E+00 1.92E-05 1.27E-03 3.98E-04 7.17E-06 1.20E+07
63.00 5.07E-05 0.00E+00 2.76E-05 8.73E-04 5.63E-04 1.13E-05 1.10E+07
66.50 3.64E-05 0.00E+00 2.94E-05 3.32E-04 5.74E-04 1.15E-05 4.60E+07
72.00 2.33E-05 0.00E+00 0.00E+00 0.00E+00 7.23E-05 9.67E-06 4.90E+07
82.50 1.55E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.00E+07
92.00 1.94E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.80E+07
104.50 3.38E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.70E+07
112.50 1.87E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.10E+07
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Table G11: Iron-adapted A. brierleyi cultured in EM medium. 
 
 
 
 
Figure G11: Iron-adapted A. brierleyi cultured in EM medium. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 2.51E-03 0.00E+00 0.00E+00 2.50E-03 1.10E-06 0.00E+00 7.14E+05
16.25 2.31E-03 2.75E-06 0.00E+00 2.39E-03 1.45E-05 6.07E-07 2.00E+06
20.00 2.27E-03 9.61E-06 0.00E+00 2.45E-03 2.74E-05 9.71E-07 3.00E+06
24.00 2.05E-03 0.00E+00 0.00E+00 2.43E-03 1.53E-05 2.18E-06 1.00E+06
29.00 1.68E-03 0.00E+00 0.00E+00 2.48E-03 2.21E-05 1.82E-06 3.00E+06
40.00 3.50E-04 0.00E+00 0.00E+00 2.29E-03 5.41E-05 9.22E-06 8.00E+06
45.00 2.24E-04 6.87E-07 0.00E+00 2.13E-03 6.79E-05 1.71E-05 1.10E+07
49.00 1.41E-04 0.00E+00 0.00E+00 2.01E-03 9.02E-05 2.44E-05 1.10E+07
53.00 6.10E-05 0.00E+00 0.00E+00 1.88E-03 9.79E-05 2.65E-05 1.80E+07
64.50 6.88E-05 0.00E+00 0.00E+00 1.83E-03 1.27E-04 3.40E-05 1.60E+07
68.00 4.78E-05 0.00E+00 0.00E+00 1.74E-03 1.23E-04 2.38E-05 1.90E+07
77.00 2.61E-04 0.00E+00 0.00E+00 1.61E-03 2.06E-04 2.95E-05 2.80E+07
88.50 1.78E-04 0.00E+00 0.00E+00 1.42E-03 2.25E-04 3.25E-05 4.50E+07
101.50 2.19E-05 1.37E-06 0.00E+00 9.56E-04 1.97E-04 2.60E-05 4.20E+07
112.50 2.02E-05 1.65E-05 0.00E+00 4.77E-04 2.59E-04 1.76E-05 4.60E+07
118.50 1.86E-05 0.00E+00 0.00E+00 4.07E-04 9.73E-05 1.32E-05 5.00E+07
140.00 2.80E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.20E+07
164.00 4.94E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.90E+07
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Table G12: Tetrathionate-adapted A. brierleyi cultured in EM medium. 
 
 
 
 
Figure G12: Tetrathionate-adapted A. brierleyi cultured in EM medium. 
 
 
 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 2.53E-03 0.00E+00 0.00E+00 2.50E-03 4.40E-06 0.00E+00 1.00E+06
16.25 2.49E-03 0.00E+00 0.00E+00 2.44E-03 6.86E-06 4.06E-07 8.33E+05
20.00 2.46E-03 0.00E+00 0.00E+00 2.48E-03 7.21E-06 4.06E-07 1.00E+06
24.00 2.43E-03 6.13E-06 0.00E+00 2.42E-03 1.00E-05 2.17E-06 1.00E+06
29.00 2.35E-03 0.00E+00 0.00E+00 2.39E-03 1.07E-05 0.00E+00 1.00E+06
40.00 1.70E-03 0.00E+00 0.00E+00 2.42E-03 1.76E-05 0.00E+00 3.00E+06
45.00 4.63E-04 7.66E-07 0.00E+00 2.42E-03 2.37E-05 1.08E-06 2.00E+06
49.00 3.62E-04 0.00E+00 0.00E+00 2.30E-03 2.83E-05 3.66E-06 7.00E+06
53.00 2.33E-04 0.00E+00 0.00E+00 2.29E-03 3.48E-05 1.00E-05 1.30E+07
64.50 1.78E-04 0.00E+00 0.00E+00 2.02E-03 6.35E-05 3.30E-05 1.50E+07
68.00 1.47E-04 0.00E+00 0.00E+00 1.92E-03 7.98E-05 3.99E-05 1.60E+07
77.00 1.93E-04 0.00E+00 0.00E+00 1.56E-03 1.33E-04 5.40E-05 1.70E+07
88.50 2.08E-04 0.00E+00 0.00E+00 1.28E-03 1.85E-04 5.24E-05 1.40E+07
101.50 3.61E-07 7.66E-07 0.00E+00 9.20E-04 2.20E-04 3.87E-05 2.40E+07
112.50 1.04E-05 0.00E+00 0.00E+00 6.86E-04 2.16E-04 2.59E-05 3.60E+07
118.50 1.09E-05 0.00E+00 0.00E+00 4.60E-04 1.74E-04 1.96E-05 3.90E+07
140.00 1.28E-05 0.00E+00 0.00E+00 1.15E-04 3.62E-05 5.28E-06 4.70E+07
164.00 4.55E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.20E+07
0.00E+00
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6.00E+07
9.00E+07
1.20E+08
0.0E+00
7.5E-04
1.5E-03
2.3E-03
3.0E-03
0 45 90 135 180
C
e
l
l
 
n
u
m
b
e
r
s
 
(
c
e
l
l
s
 
m
L
-
1
)
F
e
r
r
o
u
s
,
 
T
e
t
r
a
t
h
i
o
n
a
t
e
 
(
M
)
Time (hours)
Tetrathionate  (M)
Ferrous (M)
Cell concentration  
(cells mL-1)
0.00E+00
2.50E-04
5.00E-04
7.50E-04
1.00E-03
0.0E+00
7.5E-04
1.5E-03
2.3E-03
3.0E-03
0 45 90 135 180
O
t
h
e
r
 
p
o
l
y
t
h
i
o
n
a
t
e
s
 
(
M
)
T
e
t
r
a
t
h
i
o
n
a
t
e
 
(
M
)
Time (hours)
Tetrathionate (M)
Thiosulfate (M)
Trithionate (M)
Pentathionate (M)
Hexathionate (M)                                                                                                                
Appendices                                                                                                          184 
Table G13: Iron-adapted M. hakonensis cultured in EM medium. 
 
 
 
 
Figure G13: Iron-adapted M. hakonensis cultured in EM medium. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 2.40E-03 0.00E+00 0.00E+00 2.49E-03 1.56E-06 0.00E+00 1.00E+06
6.00 2.30E-03 0.00E+00 0.00E+00 2.49E-03 2.42E-06 0.00E+00 1.00E+06
18.00 0.00E+00 3.02E-06 0.00E+00 2.46E-03 1.83E-05 0.00E+00 4.00E+06
21.00 1.00E-04 7.54E-06 0.00E+00 2.44E-03 2.70E-05 4.53E-06 8.00E+06
25.00 1.00E-04 0.00E+00 0.00E+00 2.25E-03 2.42E-05 2.24E-05 6.00E+06
30.50 1.00E-04 0.00E+00 0.00E+00 2.25E-03 3.27E-05 3.14E-05 1.90E+07
41.50 1.00E-04 0.00E+00 0.00E+00 2.00E-03 7.86E-05 5.62E-05 3.60E+07
46.00 0.00E+00 0.00E+00 0.00E+00 1.84E-03 1.31E-04 5.64E-05 3.90E+07
50.00 0.00E+00 0.00E+00 0.00E+00 1.74E-03 1.72E-04 5.84E-05 3.20E+07
54.50 0.00E+00 0.00E+00 0.00E+00 1.61E-03 2.28E-04 5.64E-05 5.40E+07
65.50 2.00E-04 0.00E+00 0.00E+00 1.03E-03 5.11E-04 5.10E-05 6.10E+07
71.00 0.00E+00 7.54E-07 0.00E+00 6.85E-04 5.82E-04 9.99E-05 6.00E+07
77.00 0.00E+00 0.00E+00 0.00E+00 5.14E-04 5.63E-04 1.36E-04 9.20E+07
88.50 0.00E+00 0.00E+00 0.00E+00 1.83E-04 3.96E-04 2.32E-04 9.90E+07
95.00 0.00E+00 0.00E+00 0.00E+00 4.07E-05 1.77E-04 2.21E-04 9.40E+07
101.50 0.00E+00 0.00E+00 0.00E+00 1.35E-05 7.53E-05 1.25E-04 1.07E+08
113.00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.00E+07
119.25 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.90E+07
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Table G14: Tetrathionate-adapted M. hakonensis cultured in EM medium. 
 
 
 
Figure G14: Tetrathionate-adapted M. hakonensis cultured in EM medium. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 2.40E-03 0.00E+00 0.00E+00 2.39E-03 1.21E-06 0.00E+00 1.00E+06
6.00 2.40E-03 7.54E-07 0.00E+00 2.38E-03 2.77E-06 0.00E+00 1.00E+06
18.00 1.30E-03 0.00E+00 0.00E+00 2.37E-03 8.31E-06 0.00E+00 4.00E+06
21.00 1.00E-04 0.00E+00 0.00E+00 2.35E-03 1.16E-05 7.46E-06 8.00E+06
25.00 1.00E-04 0.00E+00 0.00E+00 2.35E-03 1.42E-05 5.06E-06 6.00E+06
30.50 2.00E-04 0.00E+00 0.00E+00 2.36E-03 2.54E-05 1.91E-05 1.90E+07
41.50 0.00E+00 0.00E+00 0.00E+00 2.06E-03 5.05E-05 5.88E-05 3.60E+07
46.00 0.00E+00 0.00E+00 0.00E+00 1.87E-03 7.39E-05 6.77E-05 3.90E+07
50.00 0.00E+00 0.00E+00 0.00E+00 1.72E-03 1.01E-04 6.68E-05 3.20E+07
54.50 0.00E+00 0.00E+00 0.00E+00 1.59E-03 1.65E-04 6.93E-05 5.40E+07
65.50 0.00E+00 0.00E+00 0.00E+00 9.61E-04 4.67E-04 6.57E-05 6.10E+07
71.00 0.00E+00 6.03E-06 0.00E+00 4.80E-04 4.92E-04 1.31E-04 6.00E+07
77.00 0.00E+00 0.00E+00 0.00E+00 2.90E-04 4.45E-04 1.96E-04 9.20E+07
88.50 0.00E+00 0.00E+00 0.00E+00 4.90E-05 1.83E-04 2.21E-04 9.90E+07
95.00 0.00E+00 0.00E+00 0.00E+00 1.16E-05 6.30E-05 1.15E-04 9.40E+07
101.50 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.07E+08
113.00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.00E+07
119.25 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.90E+07
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Table G15: Tetrathionate-adapted S. metallicus cultured in EM medium. 
 
 
 
Figure G15: Tetrathionate-adapted S. metallicus cultured in EM medium.
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 2.40E-03 0.00E+00 0.00E+00 2.49E-03 8.87E-06 0.00E+00 1.00E+06
10.50 2.40E-03 0.00E+00 0.00E+00 2.29E-03 4.05E-05 1.12E-06 2.00E+06
16.00 2.30E-03 0.00E+00 0.00E+00 1.92E-03 9.98E-05 1.49E-06 4.00E+06
22.00 2.10E-03 0.00E+00 0.00E+00 1.56E-03 2.43E-04 4.59E-06 1.30E+07
34.00 2.00E-04 0.00E+00 0.00E+00 2.07E-04 2.52E-04 8.71E-05 2.60E+07
37.25 1.00E-04 0.00E+00 0.00E+00 7.41E-06 1.40E-05 2.67E-05 3.10E+07
41.25 2.00E-04 0.00E+00 0.00E+00 8.55E-07 0.00E+00 0.00E+00 3.70E+07
46.50 1.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.10E+07
59.00 2.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.70E+07
64.75 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.50E+07
70.50 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.10E+07
82.50 0.00E+00 5.62E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.50E+07
88.75 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.40E+07
106.50 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.70E+07
110.00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.20E+07
119.00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.50E+07
130.50 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.50E+07
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Appendix H:  Justification of minimal media composition 
 
A minimal medium (Pirt 1975) was developed for experiments carried out in 
Chapter 4.  The primary aim was to optimise growth (measured as planktonic cell 
numbers) and reduce buffering during continuous pH measurement.  It was 
decided to start cultures at pH 2.5 to allow a period of sufficient measureable acid 
generation without entering a low pH range,  where microbial activity may be 
lower.  Development of the medium was based upon the theoretical nutrient 
requirements to facilitate growth.  Cell formation was assumed to be represented 
by Equation 1.27, which is displayed again for convenience.   
 
CO2 + 0.25 NH4
+ + 3.86 H
+ + 4.11 e
-→xCH1.70O0.42N0.25(s) + 1.58 H2O  (1.27) 
 
Assuming that cells have the elemental ratio CH1.70O0.42N0.25(s) with 
approximately 5 % ash (including 1.5 % P) then the addition of 2.5 mM potassium 
tetrathionate (0.56 g L
-1 S4O6
2) should generate a maximum yield of 45 mg L
-1 of 
dry cell mass containing: 
 
Carbon   21 mg   
Nitrogen   6 mg 
Phosphorous  1.4 mg 
Magnesium  1.25 mg (assuming it to be 50 % of the ash fraction) 
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Supplying these components in the media therefore requires: 
(NH4)2SO4  28.8 mg L
-1   or   2.2×10
-4 M 
KH2PO4  6.1 mg L
-1  or  4.5 ×10
-5 M 
MgSO4.7H2O  13 mg L
-1  or   5.2 ×10
-5 M 
 
To validate the background salts composition, media were made that contained 
0.5, 1, 3 and 5 times the theoretical concentration required for cell generation with 
2.5 mM tetrathionate present.  Cell counts were performed to verify whether 
nutritional limitation was taking place through a comparison to cultures grown in 
excess background salts.  A series of three subcultures were performed to ensure 
growth would be maintained.  
 
The results demonstrated optimal growth at three times the theoretical quantity of 
basal salts required (Figure H1).  No increases in growth were observed when the 
basal salt concentration was five times the theoretical quantity.  Based on these 
results, it was decided to use three times the minimum required concentration to 
supply enough nutrients for growth and reduce buffering during continuous pH 
measurement.   
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Figure H1:  Number of planktonic cells present in media with different basal salts 
concentrations.  Basal salt concentrations tested; 0.5x (◊), 1x(□), 3x(○), 5x() and 
excess basal salts (■). 
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Appendix I:  Culture growth in EE medium in the presence of potassium  
    nitrate 
 
Table I1: Iron-adapted At. ferrooxidans cultured in EE medium with no nitrate 
present. 
 
 
 
 
Figure I1: Iron-adapted At. ferrooxidans cultured in EE medium with no nitrate 
present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.48E-02 0.00E+00 0.00E+00 2.52E-03 1.62E-05 5.44E-06 1.00E+06
18.50 3.28E-02 2.13E-06 0.00E+00 2.42E-03 3.48E-05 1.71E-05 8.00E+06
42.00 1.65E-02 0.00E+00 0.00E+00 2.36E-03 7.68E-05 6.65E-05 3.00E+07
51.00 9.63E-03 3.14E+06 0.00E+00 2.03E-03 1.46E-04 1.47E-04 7.30E+07
66.00 1.32E-03 5.33E-06 0.00E+00 1.77E-04 2.02E-06 1.56E-06 6.70E+07
73.00 3.79E-05 2.32E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.50E+07
91.50 3.79E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.04E+08
99.00 3.92E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.90E+07
114.50 5.33E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.40E+07
138.50 5.33E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.10E+07
162.00 2.52E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.50E+07
178.00 7.24E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.40E+07
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Table I2: Iron-adapted  At.  ferrooxidans  cultured in EE medium  with 10 mM 
nitrate present. 
 
 
 
 
Figure I2: Iron-adapted  At. ferrooxidans cultured in EE medium with 10 mM 
nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.55E-02 0.00E+00 0.00E+00 2.41E-03 1.46E-05 3.89E-06 1.00E+06
18.50 3.52E-02 0.00E+00 0.00E+00 2.48E-03 1.72E-05 5.44E-06 1.00E+06
42.00 3.44E-02 0.00E+00 0.00E+00 2.46E-03 2.22E-05 6.22E-06 2.00E+06
51.00 3.43E-02 0.00E+00 0.00E+00 2.47E-03 1.82E-05 5.44E-06 1.00E+06
66.00 3.34E-02 0.00E+00 0.00E+00 2.33E-03 2.07E-05 6.61E-06 2.00E+06
73.00 3.30E-02 0.00E+00 0.00E+00 2.47E-03 2.12E-05 6.22E-06 3.00E+06
91.50 3.22E-02 0.00E+00 0.00E+00 2.45E-03 2.37E-05 8.94E-06 1.00E+06
99.00 3.07E-02 0.00E+00 0.00E+00 2.44E-03 2.42E-05 1.01E-05 6.00E+00
114.50 2.84E-02 2.01E-06 0.00E+00 2.13E-03 2.58E-05 9.33E-06 9.00E+06
138.50 2.84E-02 3.44E-06 0.00E+00 2.10E-03 3.48E-05 1.56E-05 1.20E+07
162.00 2.70E-02 1.23E-05 0.00E+00 1.61E-03 4.34E-05 2.22E-05 1.60E+07
178.00 2.42E-02 0.00E+00 0.00E+00 2.09E-05 2.02E-06 0.00E+00 3.90E+07
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Table I3: Iron-adapted  At. ferrooxidans  cultured in EE medium with 20 mM 
nitrate present. 
 
 
 
 
Figure I3: Iron-adapted  At. ferrooxidans cultured in EE medium with 20 mM 
nitrate present. 
 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.56E-02 0.00E+00 0.00E+00 2.39E-03 1.52E-05 7.39E-06 1.00E+06
18.50 3.52E-02 0.00E+00 0.00E+00 2.46E-03 1.82E-05 5.83E-06 1.00E+06
42.00 3.45E-02 0.00E+00 0.00E+00 2.45E-03 1.92E-05 8.16E-06 1.00E+06
51.00 3.44E-02 0.00E+00 0.00E+00 2.39E-03 1.77E-05 5.44E-06 2.00E+06
66.00 3.39E-02 0.00E+00 0.00E+00 2.44E-03 2.02E-05 6.22E-06 1.00E+06
73.00 3.36E-02 0.00E+00 0.00E+00 2.45E-03 1.97E-05 7.78E-06 1.00E+06
91.50 3.30E-02 0.00E+00 0.00E+00 2.42E-03 2.02E-05 8.16E-06 2.00E+06
99.00 3.21E-02 0.00E+00 0.00E+00 2.45E-03 2.17E-05 7.39E-06 1.00E+06
114.50 3.11E-02 0.00E+00 0.00E+00 2.44E-03 2.07E-05 5.83E-06 1.00E+06
138.50 3.11E-02 0.00E+00 0.00E+00 2.47E-03 2.73E-05 1.13E-05 1.00E+06
162.00 3.03E-02 0.00E+00 0.00E+00 2.50E-03 2.37E-05 6.61E-06 2.00E+06
178.00 2.99E-02 0.00E+00 0.00E+00 2.46E-03 3.08E-05 8.16E-06 1.00E+06
0.00E+00
3.00E+07
6.00E+07
9.00E+07
1.20E+08
0.0E+00
1.0E-02
2.0E-02
3.0E-02
4.0E-02
0 45 90 135 180
C
e
l
l
 
n
u
m
b
e
r
s
 
(
c
e
l
l
s
 
m
L
-
1
)
F
e
r
r
o
u
s
 
(
M
)
,
 
T
e
t
r
a
t
h
i
o
n
a
t
e
 
(
*
1
0
 
M
)
Time (hours)
Tetrathionate  (M)
Ferrous (M)
Cell concentration  
(cells mL-1)
0.00E+00
2.50E-04
5.00E-04
7.50E-04
1.00E-03
0.0E+00
7.5E-04
1.5E-03
2.3E-03
3.0E-03
0 45 90 135 180
O
t
h
e
r
 
p
o
l
y
t
h
i
o
n
a
t
e
s
 
(
M
)
T
e
t
r
a
t
h
i
o
n
a
t
e
 
(
M
)
Time (hours)
Tetrathionate (M)
Thiosulfate (M)
Trithionate (M)
Pentathionate (M)
Hexathionate (M)                                                                                                                
Appendices                                                                                                          193 
Table I4: Iron-adapted  At.  ferrooxidans  cultured in EE medium  with 30 mM 
nitrate present. 
 
 
 
 
Figure I4: Iron-adapted  At. ferrooxidans cultured in EE medium with 30 mM 
nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.55E-02 4.40E-06 0.00E+00 2.46E-03 1.41E-05 4.67E-06 1.00E+06
18.50 3.52E-02 0.00E+00 0.00E+00 2.51E-03 1.41E-05 4.67E-06 1.00E+06
42.00 3.42E-02 0.00E+00 0.00E+00 2.49E-03 1.57E-05 3.89E-06 1.00E+06
51.00 3.36E-02 0.00E+00 0.00E+00 2.54E-03 1.97E-05 6.61E-06 1.00E+06
66.00 3.30E-02 0.00E+00 0.00E+00 2.51E-03 1.82E-05 5.44E-06 1.00E+06
73.00 3.29E-02 0.00E+00 0.00E+00 2.46E-03 2.12E-05 5.44E-06 1.00E+06
91.50 3.26E-02 0.00E+00 0.00E+00 2.46E-03 2.12E-05 6.61E-06 2.00E+06
99.00 3.07E-02 0.00E+00 0.00E+00 2.49E-03 2.17E-05 6.61E-06 2.00E+06
114.50 2.93E-02 0.00E+00 0.00E+00 2.51E-03 2.17E-05 6.22E-06 1.00E+06
138.50 2.93E-02 0.00E+00 0.00E+00 2.52E-03 2.47E-05 6.22E-06 1.00E+06
162.00 2.91E-02 0.00E+00 0.00E+00 2.48E-03 2.07E-05 6.22E-05 1.00E+06
178.00 2.84E-02 0.00E+00 0.00E+00 2.53E-03 2.42E-05 1.63E-05 1.00E+06
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Table I5: Iron-adapted  At.  ferrooxidans  cultured in EE medium with 40 mM 
nitrate present. 
 
 
 
 
 
 
 
 
 
 
Figure I5: Iron-adapted  At. ferrooxidans cultured in EE medium with 40 mM 
nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.56E-02 0.00E+00 0.00E+00 2.46E-03 1.67E-05 5.83E-06 1.00E+06
18.50 3.52E-02 0.00E+00 0.00E+00 2.44E-03 1.67E-05 5.05E-06 1.00E+06
42.00 3.46E-02 0.00E+00 0.00E+00 2.45E-03 1.92E-05 5.44E-06 1.00E+06
51.00 3.44E-02 0.00E+00 0.00E+00 2.44E-03 2.07E-05 7.39E-06 1.00E+06
66.00 3.41E-02 4.40E-06 0.00E+00 2.42E-03 2.27E-05 8.55E-06 1.00E+06
73.00 3.36E-02 0.00E+00 0.00E+00 2.41E-03 2.42E-05 7.39E-06 1.00E+06
91.50 3.33E-02 0.00E+00 0.00E+00 2.41E-03 2.27E-05 7.39E-06 1.00E+06
99.00 3.28E-02 2.20E-06 0.00E+00 2.42E-03 2.37E-05 7.00E-06 NVG
114.50 3.21E-02 0.00E+00 0.00E+00 2.46E-03 2.78E-05 8.94E-06 1.00E+06
138.50 3.21E-02 0.00E+00 0.00E+00 2.39E-03 2.63E-05 8.16E-06 NVG
162.00 3.14E-02 0.00E+00 0.00E+00 2.46E-03 2.58E-05 7.78E-06 1.00E+06
178.00 3.11E-02 0.00E+00 0.00E+00 2.42E-03 2.53E-05 8.16E-06 1.00E+06
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Table I6: Tetrathionate-adapted At. ferrooxidans cultured in EE medium with no 
nitrate present. 
 
 
 
 
Figure I6: Tetrathionate-adapted At. ferrooxidans cultured in EE medium with no 
nitrate present. 
 
 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.59E-02 0.00E+00 0.00E+00 2.50E-03 8.62E-06 0.00E+00 1.00E+06
17.00 3.51E-02 0.00E+00 0.00E+00 1.89E-03 1.31E-04 5.19E-05 1.00E+06
23.00 3.44E-02 3.14E-06 0.00E+00 1.74E-03 1.31E-04 6.93E-05 2.00E+06
30.00 2.99E-02 0.00E+00 0.00E+00 1.44E-03 1.45E-04 1.19E-04 6.00E+06
41.00 2.09E-02 1.02E-06 0.00E+00 7.97E-04 1.25E-04 6.25E-05 1.20E+07
48.00 1.58E-02 0.00E+00 0.00E+00 5.92E-04 9.12E-05 4.17E-05 4.20E+07
54.00 8.70E-03 4.11E-06 0.00E+00 5.77E-04 8.79E-05 3.74E-05 5.40E+07
65.00 2.00E-04 0.00E+00 0.00E+00 5.95E-05 8.29E-07 1.29E-05 5.80E+07
71.00 0.00E+00 0.00E+00 0.00E+00 5.77E-05 0.00E+00 0.00E+00 8.10E+07
78.00 0.00E+00 0.00E+00 0.00E+00 1.70E-05 0.00E+00 0.00E+00 1.18E+08
89.00 0.00E+00 0.00E+00 0.00E+00 1.08E-05 0.00E+00 0.00E+00 8.90E+07
95.50 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.15E+08
113.00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.12E+08
121.00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.80E+07
137.00 2.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.80E+07
161.00 1.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.20E+07
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Table I7: Tetrathionate-adapted  At.  ferrooxidans  cultured in EE medium with   
10 mM nitrate present. 
 
 
 
Figure I7: Tetrathionate-adapted At. ferrooxidans cultured in EE medium with  
10 mM nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.59E-02 0.00E+00 0.00E+00 2.53E-03 1.33E-06 0.00E+00 1.00E+06
17.00 3.60E-02 0.00E+00 0.00E+00 2.37E-03 2.09E-05 0.00E+00 1.00E+06
23.00 3.59E-02 0.00E+00 0.00E+00 2.36E-03 1.81E-05 0.00E+00 1.00E+06
30.00 3.56E-02 2.32E-06 0.00E+00 2.30E-03 2.97E-05 3.57E-06 2.00E+06
41.00 3.56E-02 1.08E-05 0.00E+00 2.23E-03 5.11E-05 3.06E-06 3.00E+06
48.00 3.56E-02 8.57E-06 0.00E+00 2.23E-03 8.02E-05 1.15E-06 5.00E+06
54.00 3.53E-02 0.00E+00 0.00E+00 2.09E-03 7.19E-05 3.19E-06 6.00E+06
65.00 3.46E-02 0.00E+00 0.00E+00 2.10E-03 8.06E-05 3.70E-06 1.40E+07
71.00 3.44E-02 2.60E-06 0.00E+00 2.01E-03 8.44E-05 4.85E-06 1.20E+07
78.00 3.44E-02 0.00E+00 0.00E+00 1.75E-03 1.72E-04 4.08E-06 1.70E+07
89.00 3.32E-02 0.00E+00 0.00E+00 1.68E-03 2.11E-04 4.21E-06 1.60E+07
95.50 3.09E-02 4.30E-06 0.00E+00 1.58E-03 9.71E-05 3.06E-06 1.20E+07
113.00 2.84E-02 3.44E-06 0.00E+00 1.35E-03 1.15E-04 3.19E-06 5.70E+07
121.00 2.24E-02 0.00E+00 0.00E+00 7.30E-04 7.39E-05 2.30E-06 6.40E+07
137.00 1.12E-02 0.00E+00 0.00E+00 3.02E-04 2.50E-05 7.53E-06 5.80E+07
161.00 2.00E-03 0.00E+00 0.00E+00 5.89E-05 1.57E-05 9.06E-06 6.10E+07
179.00 2.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.30E+07
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Table I8: Tetrathionate-adapted  At.  ferrooxidans  cultured in EE medium with   
20 mM nitrate present. 
 
 
 
Figure I8: Tetrathionate-adapted At. ferrooxidans cultured in EE medium with  
20 mM nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.59E-02 0.00E+00 0.00E+00 2.53E-03 1.33E-06 0.00E+00 1.00E+06
17.00 3.55E-02 0.00E+00 0.00E+00 2.44E-03 1.44E-05 0.00E+00 1.00E+06
23.00 3.57E-02 0.00E+00 0.00E+00 2.37E-03 1.81E-05 0.00E+00 1.00E+06
30.00 3.56E-02 0.00E+00 0.00E+00 2.36E-03 2.09E-05 3.57E-06 1.00E+06
41.00 3.55E-02 0.00E+00 0.00E+00 2.30E-03 2.50E-05 3.06E-06 1.00E+06
48.00 3.55E-02 0.00E+00 0.00E+00 2.23E-03 2.97E-05 3.32E-06 1.00E+06
54.00 3.54E-02 0.00E+00 0.00E+00 2.23E-03 5.11E-05 3.19E-06 1.00E+06
65.00 3.52E-02 0.00E+00 0.00E+00 2.09E-03 7.19E-05 3.70E-06 4.00E+06
71.00 3.51E-02 1.45E-06 0.00E+00 2.10E-03 8.02E-05 4.85E-06 2.00E+06
78.00 3.51E-02 2.56E-06 0.00E+00 2.01E-03 8.06E-05 4.08E-06 5.00E+06
89.00 3.49E-02 0.00E+00 0.00E+00 1.75E-03 1.72E-04 4.21E-06 6.00E+06
95.50 3.46E-02 7.22E-06 0.00E+00 1.68E-03 2.11E-04 3.06E-06 8.00E+06
113.00 3.44E-02 0.00E+00 0.00E+00 1.58E-03 9.71E-05 3.19E-06 1.70E+07
121.00 3.36E-02 0.00E+00 0.00E+00 1.35E-03 1.15E-04 2.30E-06 2.80E+07
137.00 3.17E-02 0.00E+00 0.00E+00 7.30E-04 8.60E-05 7.53E-06 3.10E+07
161.00 2.91E-02 0.00E+00 0.00E+00 3.02E-04 7.39E-05 9.06E-06 3.50E+07
179.00 2.70E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.80E+07
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Table I9: Tetrathionate-adapted  At.  ferrooxidans  cultured in EE medium with   
30 mM nitrate present. 
 
 
 
 
Figure I9: Tetrathionate-adapted At. ferrooxidans cultured in EE medium with  
30 mM nitrate present. 
 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.59E-02 0.00E+00 0.00E+00 2.39E-03 3.48E-05 2.43E-06 1.00E+06
17.00 3.56E-02 0.00E+00 0.00E+00 2.41E-03 3.57E-05 2.41E-06 1.00E+06
23.00 3.57E-02 0.00E+00 0.00E+00 2.50E-03 2.79E-05 2.43E-06 1.00E+06
30.00 3.58E-02 0.00E+00 0.00E+00 2.40E-03 6.03E-05 2.43E-06 1.00E+06
41.00 3.57E-02 0.00E+00 0.00E+00 2.43E-03 4.11E-05 3.65E-06 2.00E+06
48.00 3.55E-02 0.00E+00 0.00E+00 2.44E-03 3.34E-05 3.65E-06 1.00E+06
54.00 3.55E-02 0.00E+00 0.00E+00 2.41E-03 3.93E-05 3.79E-06 1.00E+06
65.00 3.55E-02 0.00E+00 0.00E+00 2.35E-03 5.94E-05 2.70E-06 2.00E+06
71.00 3.54E-02 0.00E+00 0.00E+00 2.36E-03 4.88E-05 2.84E-06 1.00E+06
78.00 3.54E-02 0.00E+00 0.00E+00 2.39E-03 6.13E-05 2.70E-06 1.00E+06
89.00 3.54E-02 0.00E+00 0.00E+00 2.45E-03 5.38E-05 3.52E-06 2.00E+06
95.50 3.54E-02 0.00E+00 0.00E+00 2.36E-03 6.25E-05 3.65E-06 1.00E+06
113.00 3.53E-02 0.00E+00 0.00E+00 2.51E-03 3.06E-05 1.49E-06 2.00E+06
121.00 3.52E-02 0.00E+00 0.00E+00 2.23E-03 7.08E-05 3.38E-06 6.00E+06
137.00 3.42E-02 1.32E-06 0.00E+00 2.00E-03 1.52E-04 3.92E-06 7.00E+06
161.00 3.12E-02 3.40E-06 0.00E+00 1.67E-03 2.76E-04 2.84E-06 1.00E+07
179.00 2.91E-02 0.00E+00 0.00E+00 1.33E-03 3.50E-04 2.98E-06 1.10E+07
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Table I10: Tetrathionate-adapted At. ferrooxidans cultured in EE medium with  
40 mM nitrate present. 
 
 
 
 
Figure I10: Tetrathionate-adapted At. ferrooxidans cultured in EE medium with  
40 mM nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.59E-02 0.00E+00 0.00E+00 2.49E-03 9.13E-06 0.00E+00 1.00E+06
17.00 3.56E-02 0.00E+00 0.00E+00 2.49E-03 1.02E-05 0.00E+00 1.00E+06
23.00 3.57E-02 0.00E+00 0.00E+00 2.49E-03 1.05E-05 0.00E+00 1.00E+06
30.00 3.58E-02 0.00E+00 0.00E+00 2.48E-03 4.04E-06 0.00E+00 1.00E+06
41.00 3.57E-02 0.00E+00 0.00E+00 2.48E-03 1.28E-05 0.00E+00 1.00E+06
48.00 3.55E-02 0.00E+00 0.00E+00 2.44E-03 1.30E-05 0.00E+00 1.00E+06
54.00 3.55E-02 0.00E+00 0.00E+00 2.46E-03 1.02E-05 0.00E+00 1.00E+06
65.00 3.55E-02 0.00E+00 0.00E+00 2.46E-03 9.31E-06 0.00E+00 1.00E+06
71.00 3.54E-02 0.00E+00 0.00E+00 2.39E-03 9.49E-06 0.00E+00 1.00E+06
78.00 3.54E-02 0.00E+00 0.00E+00 2.45E-03 9.66E-06 0.00E+00 2.00E+06
89.00 3.54E-02 0.00E+00 0.00E+00 2.50E-03 1.16E-05 0.00E+00 2.00E+06
95.50 3.54E-02 0.00E+00 0.00E+00 2.48E-03 1.39E-05 0.00E+00 1.00E+06
113.00 3.53E-02 0.00E+00 0.00E+00 2.49E-03 1.77E-05 0.00E+00 3.00E+06
121.00 3.52E-02 0.00E+00 0.00E+00 2.36E-03 1.72E-05 0.00E+00 NVG
137.00 3.50E-02 0.00E+00 0.00E+00 2.43E-03 1.65E-05 0.00E+00 1.00E+06
161.00 3.49E-02 0.00E+00 0.00E+00 2.46E-03 1.55E-05 0.00E+00 2.00E+06
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Table I11: Iron-adapted Sulfobacillus acidophilus cultured in EE medium with no 
nitrate present. 
 
 
 
Figure I11: Iron-adapted Sb. acidophilus cultured in EE medium with no nitrate 
present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.58E-02 2.22E-06 0.00E+00 2.45E-03 2.48E-05 0.00E+00 2.00E+06
6.00 3.52E-02 8.15E-06 0.00E+00 2.41E-03 6.14E-05 0.00E+00 1.00E+06
13.00 2.11E-02 0.00E+00 0.00E+00 2.45E-03 4.24E-05 4.45E-05 7.00E+06
24.00 3.26E-04 0.00E+00 0.00E+00 3.19E-04 8.13E-04 6.58E-05 6.30E+07
29.50 3.80E-05 1.48E-06 0.00E+00 6.32E-06 6.26E-04 1.21E-04 5.20E+07
36.50 6.21E-05 0.00E+00 0.00E+00 2.11E-06 3.17E-04 7.40E-05 4.80E+07
47.50 3.66E-05 0.00E+00 0.00E+00 0.00E+00 9.51E-05 7.26E-05 5.80E+07
53.50 2.32E-05 0.00E+00 0.00E+00 0.00E+00 1.89E-05 2.53E-05 6.90E+07
60.50 1.18E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.80E+07
71.50 6.45E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.20E+07
77.50 9.37E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.30E+07
84.50 6.92E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.10E+07
95.50 5.51E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.30E+07
102.00 6.41E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.70E+07
119.50 5.95E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.40E+07
143.00 9.02E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.10E+07
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Table I12: Iron-adapted  Sb.  acidophilus  cultured in EE medium with 
10 mM nitrate present. 
 
 
 
 
Figure I12: Iron-adapted  Sb. acidophilus  cultured in EE medium with 
10 mM nitrate present. 
 
 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.56E-02 0.00E+00 0.00E+00 2.49E-03 2.01E-05 0.00E+00 1.00E+06
6.00 3.51E-02 0.00E+00 0.00E+00 2.54E-03 2.23E-05 0.00E+00 1.00E+06
13.00 2.90E-02 0.00E+00 0.00E+00 2.50E-03 3.83E-05 0.00E+00 4.00E+06
24.00 1.24E-03 2.45E-06 0.00E+00 1.95E-03 2.77E-04 3.80E-06 2.70E+07
29.50 4.24E-04 1.86E-05 0.00E+00 1.22E-03 5.19E-04 1.86E-05 3.10E+07
36.50 4.92E-04 2.01E-06 0.00E+00 4.18E-04 7.59E-04 3.03E-05 4.00E+07
47.50 3.65E-04 8.52E-06 0.00E+00 1.38E-05 7.28E-04 5.27E-05 5.60E+07
53.50 1.66E-04 0.00E+00 0.00E+00 2.11E-06 3.83E-04 7.03E-05 4.30E+07
60.50 1.86E-04 0.00E+00 0.00E+00 0.00E+00 7.03E-05 1.81E-05 3.90E+07
71.50 1.93E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.50E+07
77.50 1.86E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.90E+07
84.50 1.42E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.40E+07
95.50 1.60E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.20E+07
102.00 1.66E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.80E+07
119.50 1.72E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.70E+07
143.00 1.66E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.90E+07
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Table I13: Iron-adapted  Sb.  acidophilus  cultured in EE medium with 
20 mM nitrate present. 
 
 
 
 
Figure I13: Iron-adapted  Sb. acidophilus  cultured in EE medium with 
20 mM nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.56E-02 0.00E+00 0.00E+00 2.54E-03 1.91E-05 0.00E+00 2.00E+06
6.00 3.51E-02 0.00E+00 0.00E+00 2.51E-03 5.07E-05 0.00E+00 1.00E+06
13.00 3.32E-02 0.00E+00 0.00E+00 2.58E-03 3.15E-05 0.00E+00 1.00E+06
24.00 1.73E-02 0.00E+00 0.00E+00 2.45E-03 8.61E-05 1.05E-06 7.00E+06
29.50 5.94E-03 2.98E-06 0.00E+00 2.28E-03 1.47E-04 1.44E-06 1.60E+07
36.50 3.03E-04 3.45E-06 0.00E+00 1.80E-03 3.32E-04 8.91E-06 3.00E+07
47.50 7.42E-04 7.65E-06 0.00E+00 8.18E-04 6.25E-04 5.78E-05 2.50E+07
53.50 8.93E-04 4.32E-06 0.00E+00 1.82E-04 6.76E-04 6.52E-05 3.80E+07
60.50 9.26E-04 0.00E+00 0.00E+00 5.42E-06 2.13E-04 4.07E-05 5.70E+07
71.50 9.97E-04 0.00E+00 0.00E+00 0.00E+00 1.02E-05 0.00E+00 7.30E+07
77.50 9.26E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.70E+07
84.50 9.26E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.90E+07
95.50 9.97E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.70E+07
102.00 9.61E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.50E+07
119.50 8.93E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.10E+07
143.00 8.93E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.80E+07
0.00E+00
3.00E+07
6.00E+07
9.00E+07
1.20E+08
0.0E+00
1.0E-02
2.0E-02
3.0E-02
4.0E-02
0 45 90 135 180
C
e
l
l
 
n
u
m
b
e
r
s
 
(
c
e
l
l
s
 
m
L
-
1
)
F
e
r
r
o
u
s
 
(
M
)
,
 
T
e
t
r
a
t
h
i
o
n
a
t
e
 
(
*
1
0
 
M
)
Time (hours)
Tetrathionate  (M)
Ferrous (M)
Cell concentration  
(cells mL-1)
0.00E+00
2.50E-04
5.00E-04
7.50E-04
1.00E-03
0.0E+00
7.5E-04
1.5E-03
2.3E-03
3.0E-03
0 45 90 135 180
O
t
h
e
r
 
p
o
l
y
t
h
i
o
n
a
t
e
s
 
(
M
)
T
e
t
r
a
t
h
i
o
n
a
t
e
 
(
M
)
Time (hours)
Tetrathionate (M)
Thiosulfate (M)
Trithionate (M)
Pentathionate (M)
Hexathionate (M)                                                                                                                
Appendices                                                                                                          203 
Table I14: Iron-adapted  Sb.  acidophilus  cultured in EE medium with 
30 mM nitrate present. 
 
 
 
Figure I14: Iron-adapted  Sb. acidophilus  cultured in EE medium with 
30 mM nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.56E-02 0.00E+00 0.00E+00 2.49E-03 1.86E-05 0.00E+00 1.00E+06
6.00 3.54E-02 0.00E+00 0.00E+00 2.53E-03 2.45E-05 0.00E+00 1.00E+06
13.00 3.43E-02 0.00E+00 0.00E+00 2.53E-03 2.79E-05 3.83E-07 1.00E+06
24.00 2.87E-02 0.00E+00 0.00E+00 2.49E-03 4.84E-05 1.53E-06 1.00E+06
29.50 2.28E-02 0.00E+00 0.00E+00 2.45E-03 5.72E-05 1.91E-06 1.00E+06
36.50 1.25E-02 0.00E+00 0.00E+00 2.24E-03 1.28E-04 1.89E-06 8.00E+06
47.50 2.74E-03 2.45E-06 0.00E+00 1.68E-03 3.78E-04 5.62E-06 1.60E+07
53.50 8.93E-04 1.05E-06 0.00E+00 9.91E-04 6.13E-04 1.29E-05 1.80E+07
60.50 1.11E-03 0.00E+00 0.00E+00 2.58E-04 6.18E-04 2.09E-05 2.40E+07
71.50 1.20E-03 0.00E+00 0.00E+00 6.45E-06 4.97E-06 0.00E+00 2.60E+07
77.50 8.29E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.90E+07
84.50 1.11E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.10E+07
95.50 1.11E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.90E+07
102.00 1.07E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.60E+07
119.50 1.07E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.90E+07
143.00 9.26E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.60E+07
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Table I15: Iron-adapted  Sb.  acidophilus  cultured in EE medium with 40  mM 
nitrate present. 
 
 
 
 
Figure I15: Iron-adapted Sb. acidophilus cultured in EE medium with 40 mM 
nitrate present. 
 
 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.58E-02 0.00E+00 0.00E+00 2.56E-03 2.13E-05 0.00E+00 1.00E+06
6.00 3.54E-02 0.00E+00 0.00E+00 2.57E-03 2.47E-05 0.00E+00 1.00E+06
13.00 3.46E-02 0.00E+00 0.00E+00 2.57E-03 2.50E-05 0.00E+00 1.00E+06
24.00 3.12E-02 0.00E+00 0.00E+00 2.57E-03 3.42E-05 5.24E-07 1.00E+06
29.50 2.90E-02 0.00E+00 0.00E+00 2.56E-03 3.91E-05 1.18E-06 3.00E+06
36.50 2.41E-02 0.00E+00 0.00E+00 2.48E-03 5.00E-05 2.23E-06 1.00E+06
47.50 1.69E-02 1.48E-06 0.00E+00 2.34E-03 1.02E-04 2.88E-06 2.00E+06
53.50 1.25E-02 2.22E-06 0.00E+00 2.08E-03 1.82E-04 2.23E-06 4.00E+06
60.50 1.02E-02 0.00E+00 0.00E+00 1.70E-03 3.15E-04 4.85E-06 6.00E+06
71.50 5.05E-03 0.00E+00 0.00E+00 2.50E-04 2.60E-04 1.01E-05 1.50E+07
77.50 3.49E-03 0.00E+00 0.00E+00 4.81E-06 2.55E-05 0.00E+00 2.70E+07
84.50 1.79E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.10E+07
95.50 1.55E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.80E+07
102.00 1.44E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.70E+07
119.50 1.44E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.80E+07
143.00 9.97E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.40E+07
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Table I16: Tetrathionate-adapted Sb. acidophilus cultured in EE medium with no 
nitrate present. 
 
 
 
 
Figure I16: Tetrathionate-adapted Sb. acidophilus cultured in EE medium with no 
nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.59E-02 6.90E-07 0.00E+00 2.38E-03 6.38E-05 0.00E+00 1.00E+06
5.00 3.53E-02 2.07E-06 0.00E+00 2.23E-03 5.61E-05 1.22E-06 4.00E+06
16.00 3.51E-02 2.62E-05 0.00E+00 1.39E-03 6.40E-04 9.14E-06 3.00E+06
21.25 3.45E-02 1.24E-05 0.00E+00 5.07E-04 3.94E-04 8.17E-06 1.60E+07
29.00 2.92E-02 6.21E-06 0.00E+00 1.40E-06 1.77E-04 7.68E-05 3.20E+07
39.50 6.83E-03 8.28E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.80E+07
47.50 1.39E-04 7.59E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.40E+07
53.00 1.24E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.30E+07
64.00 3.34E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.50E+07
70.25 4.01E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.90E+07
77.00 2.32E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.80E+07
86.50 1.61E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.30E+07
92.50 9.63E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.10E+07
111.50 1.12E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.30E+07
119.50 8.63E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.30E+07
138.50 1.08E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.50E+07
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Table I17: Tetrathionate-adapted  Sb.  acidophilus  cultured in EE medium with   
10 mM nitrate present. 
 
 
 
Figure I17: Tetrathionate-adapted Sb. acidophilus cultured in EE medium with  
10 mM nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.62E-02 0.00E+00 0.00E+00 2.48E-03 3.67E-05 0.00E+00 1.00E+06
5.00 3.58E-02 0.00E+00 0.00E+00 2.47E-03 9.47E-05 0.00E+00 1.00E+06
16.00 3.53E-02 2.00E-05 0.00E+00 1.53E-03 4.99E-04 5.85E-06 1.00E+06
21.25 3.47E-02 6.90E-06 0.00E+00 9.97E-04 5.02E-04 3.43E-05 2.00E+07
29.00 3.15E-02 5.52E-06 0.00E+00 4.87E-04 3.93E-04 0.00E+00 3.30E+07
39.50 1.22E-02 5.52E-06 0.00E+00 7.45E-05 2.50E-04 0.00E+00 4.60E+07
47.50 2.57E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.40E+07
53.00 2.87E-04 0.00E+00 0.00E+00 2.80E-07 0.00E+00 0.00E+00 3.80E+07
64.00 3.22E-05 0.00E+00 0.00E+00 1.12E-06 4.12E-06 0.00E+00 5.50E+07
70.25 3.10E-05 0.00E+00 0.00E+00 0.00E+00 1.27E-06 0.00E+00 4.80E+07
77.00 1.86E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.30E+07
86.50 2.23E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.70E+07
92.50 2.08E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.50E+07
111.50 1.29E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.70E+07
119.50 8.95E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.00E+07
138.50 1.16E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.20E+07
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Table I18: Tetrathionate-adapted  Sb.  acidophilus  cultured in EE medium with   
20 mM nitrate present. 
 
 
 
 
Figure I18: Tetrathionate-adapted Sb. acidophilus cultured in EE medium with  
20 mM nitrate present. 
 
 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.61E-02 0.00E+00 0.00E+00 2.47E-03 2.50E-05 0.00E+00 1.00E+06
5.00 3.55E-02 0.00E+00 0.00E+00 2.44E-03 5.24E-05 0.00E+00 1.00E+06
16.00 3.55E-02 1.34E-05 0.00E+00 1.56E-03 5.94E-04 4.51E-06 2.00E+06
21.25 3.55E-02 2.22E-05 0.00E+00 1.08E-03 4.13E-04 1.10E-06 9.00E+06
29.00 3.49E-02 8.67E-06 0.00E+00 2.72E-04 5.56E-04 5.73E-06 1.70E+07
39.50 3.44E-02 0.00E+00 0.00E+00 4.48E-06 1.19E-05 8.90E-06 5.00E+07
47.50 3.42E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.70E+07
53.00 3.41E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.60E+07
64.00 3.37E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.30E+07
70.25 3.36E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.40E+07
77.00 3.26E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.60E+07
86.50 2.97E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.90E+07
92.50 1.94E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.80E+07
111.50 2.77E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.20E+07
119.50 2.07E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.70E+07
138.50 2.22E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.00E+07
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Table I19: Tetrathionate-adapted  Sb.  acidophilus  cultured in EE medium with   
30 mM nitrate present. 
 
 
 
Figure I19: Tetrathionate-adapted Sb. acidophilus cultured in EE medium with  
30 mM nitrate present. 
 
 
 
 
 
 
 
 
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.60E-02 3.17E-05 0.00E+00 2.45E-03 8.24E-06 0.00E+00 1.00E+06
5.00 3.62E-02 1.13E-05 0.00E+00 2.35E-03 1.99E-05 0.00E+00 1.00E+06
16.00 3.58E-02 7.04E-06 0.00E+00 1.99E-03 1.65E-04 4.48E-06 1.00E+06
21.25 3.58E-02 4.93E-06 0.00E+00 1.63E-03 2.54E-04 4.35E-06 6.00E+06
29.00 3.51E-02 5.63E-06 0.00E+00 7.46E-04 8.95E-04 3.20E-05 2.20E+07
39.50 3.47E-02 0.00E+00 0.00E+00 9.77E-05 6.08E-04 1.58E-05 3.80E+07
47.50 3.45E-02 0.00E+00 0.00E+00 2.60E-05 5.09E-05 4.98E-06 3.20E+07
53.00 3.44E-02 0.00E+00 0.00E+00 2.86E-07 6.63E-06 2.49E-07 4.30E+07
64.00 3.42E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.30E+07
70.25 3.40E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.10E+07
77.00 3.39E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.20E+07
86.50 3.37E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.80E+07
92.50 3.36E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.20E+07
111.50 3.26E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.90E+07
119.50 3.05E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.70E+07
138.50 1.56E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.60E+07
162.50 4.57E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.90E+07
178.00 2.07E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.40E+07
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Table I20: Tetrathionate-adapted  Sb.  acidophilus  cultured in EE medium with   
40 mM nitrate present. 
 
 
 
Figure I20: Tetrathionate-adapted Sb. acidophilus cultured in EE medium with  
40 mM nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.58E-02 0.00E+00 0.00E+00 2.42E-03 1.79E-05 0.00E+00 1.00E+06
5.00 3.61E-02 0.00E+00 0.00E+00 2.45E-03 4.00E-05 0.00E+00 1.00E+06
16.00 3.58E-02 0.00E+00 0.00E+00 2.47E-03 4.48E-05 2.88E-06 1.00E+06
21.25 3.57E-02 2.39E-06 0.00E+00 2.31E-03 1.22E-04 5.37E-06 1.00E+06
29.00 3.56E-02 3.55E-06 0.00E+00 1.94E-03 3.30E-04 3.33E-05 1.00E+06
39.50 3.49E-02 7.01E-06 0.00E+00 1.76E-03 3.81E-04 8.65E-06 1.30E+07
47.50 3.47E-02 0.00E+00 0.00E+00 1.19E-03 8.46E-04 1.57E-06 1.80E+07
53.00 3.46E-02 0.00E+00 0.00E+00 1.64E-04 2.02E-04 7.86E-07 3.20E+07
64.00 3.43E-02 0.00E+00 0.00E+00 1.96E-05 5.62E-06 0.00E+00 3.30E+07
70.25 3.42E-02 0.00E+00 0.00E+00 3.01E-06 5.10E-07 0.00E+00 5.20E+07
77.00 3.39E-02 0.00E+00 0.00E+00 1.81E-06 0.00E+00 0.00E+00 4.50E+07
86.50 3.15E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.30E+07
92.50 3.38E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.80E+07
111.50 3.37E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.10E+07
119.50 3.34E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.90E+07
138.50 3.33E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.20E+06
162.50 3.27E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.90E+06
178.00 3.19E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.70E+07
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Table I21: Iron-adapted  Sb.  sibiricus  cultured in EE medium with no nitrate 
present. 
 
 
 
Figure I21: Iron-adapted  Sb. sibiricus  cultured in EE medium with no nitrate 
present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.56E-02 0.00E+00 0.00E+00 2.51E-03 2.15E-05 0.00E+00 2.00E+06
6.00 3.48E-02 0.00E+00 0.00E+00 2.50E-03 2.41E-05 0.00E+00 4.00E+06
13.00 1.52E-02 0.00E+00 0.00E+00 2.42E-03 5.13E-05 0.00E+00 6.00E+06
24.00 0.00E+00 2.45E-06 0.00E+00 1.89E-04 6.30E-04 1.33E-04 3.30E+07
29.50 1.00E-04 0.00E+00 0.00E+00 7.25E-06 4.92E-04 1.49E-04 4.90E+07
36.50 1.00E-04 0.00E+00 0.00E+00 2.03E-06 2.15E-04 1.04E-04 5.40E+07
47.50 1.00E-04 0.00E+00 0.00E+00 2.90E-06 3.95E-05 4.82E-05 4.70E+07
53.50 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.07E-05 0.00E+00 6.70E+07
60.50 1.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.30E+07
71.50 1.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.80E+07
77.50 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.50E+07
84.50 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.60E+07
95.50 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.30E+07
102.00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.90E+07
119.50 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.10E+07
143.00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.70E+07
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Table I22: Iron-adapted  Sb.  sibiricus  cultured in EE medium with 
10 mM nitrate present. 
 
 
 
 
Figure I22: Iron-adapted  Sb. sibiricus  cultured in EE medium with 
10 mM nitrate present. 
 
 
 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.56E-02 0.00E+00 0.00E+00 2.53E-03 2.52E-05 0.00E+00 1.00E+06
6.00 3.49E-02 0.00E+00 0.00E+00 2.46E-03 5.34E-05 0.00E+00 1.00E+06
13.00 2.41E-02 0.00E+00 0.00E+00 2.50E-03 3.31E-05 2.40E-06 3.00E+06
24.00 2.00E-03 1.56E-06 0.00E+00 1.39E-03 4.56E-04 1.01E-06 3.20E+07
29.50 2.00E-04 6.75E-06 0.00E+00 5.21E-04 6.69E-04 3.76E-05 3.60E+07
36.50 1.00E-04 0.00E+00 0.00E+00 1.25E-05 6.67E-04 1.10E-04 2.50E+07
47.50 2.00E-04 0.00E+00 0.00E+00 5.79E-06 3.69E-04 1.72E-04 3.30E+07
53.50 2.00E-04 0.00E+00 0.00E+00 0.00E+00 9.08E-05 1.65E-04 4.20E+07
60.50 3.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.97E-05 4.30E+07
71.50 3.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.60E+07
77.50 3.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.80E+07
84.50 3.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.20E+07
95.50 3.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.20E+07
102.00 3.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.40E+07
119.50 3.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.30E+07
143.00 3.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.70E+07
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Table I23: Iron-adapted  Sb.  sibiricus  cultured in EE medium with 
20 mM nitrate present. 
 
 
 
 
Figure I23: Iron-adapted  Sb. sibiricus  cultured in EE medium with 
20 mM nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.57E-02 0.00E+00 0.00E+00 2.55E-03 2.06E-05 0.00E+00 2.00E+06
6.00 3.54E-02 0.00E+00 0.00E+00 2.51E-03 2.72E-05 0.00E+00 1.00E+06
13.00 3.30E-02 0.00E+00 0.00E+00 2.46E-03 2.86E-05 0.00E+00 1.00E+06
24.00 1.97E-02 0.00E+00 0.00E+00 2.36E-03 8.64E-05 1.77E-06 6.00E+06
29.50 1.07E-02 1.99E-06 0.00E+00 2.28E-03 1.21E-04 1.52E-06 1.30E+07
36.50 3.00E-04 2.51E-06 0.00E+00 1.96E-03 2.72E-04 3.68E-06 1.80E+07
47.50 1.00E-03 1.23E-05 0.00E+00 9.66E-04 5.91E-04 2.37E-05 4.20E+07
53.50 1.00E-03 0.00E+00 0.00E+00 1.17E-04 5.05E-04 2.98E-05 3.00E+07
60.50 1.10E-03 0.00E+00 0.00E+00 1.34E-05 8.48E-05 1.22E-05 3.50E+07
71.50 1.00E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.50E+07
77.50 1.10E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.70E+07
84.50 1.00E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.80E+07
95.50 1.00E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.80E+07
102.00 1.00E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.20E+07
119.50 9.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.80E+07
143.00 1.00E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.70E+07
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Table I24: Iron-adapted  Sb.  sibiricus  cultured in EE medium with 
30 mM nitrate present. 
 
 
 
Figure I24: Iron-adapted  Sb. sibiricus  cultured in EE medium with 
30 mM nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.56E-02 0.00E+00 0.00E+00 2.58E-03 2.62E-05 0.00E+00 2.00E+06
6.00 3.54E-02 0.00E+00 0.00E+00 2.67E-03 2.43E-05 0.00E+00 1.00E+06
13.00 3.42E-02 0.00E+00 0.00E+00 2.55E-03 2.82E-05 0.00E+00 1.00E+06
24.00 2.87E-02 0.00E+00 0.00E+00 2.53E-03 4.24E-05 2.23E-06 2.00E+06
29.50 2.60E-02 0.00E+00 0.00E+00 2.49E-03 4.37E-05 1.57E-06 1.00E+06
36.50 2.01E-02 0.00E+00 0.00E+00 2.42E-03 7.93E-05 2.36E-06 5.00E+06
47.50 5.10E-03 6.72E-06 0.00E+00 1.97E-03 2.65E-04 5.11E-06 8.00E+06
53.50 3.00E-04 0.00E+00 0.00E+00 1.15E-03 5.14E-04 1.17E-05 1.10E+07
60.50 8.00E-04 3.44E-06 0.00E+00 2.00E-04 3.03E-04 1.95E-05 1.30E+07
71.50 9.00E-04 0.00E+00 0.00E+00 4.21E-06 2.72E-06 0.00E+00 2.50E+07
77.50 9.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.10E+07
84.50 9.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.20E+07
95.50 9.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.20E+07
102.00 1.10E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.80E+07
119.50 1.00E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.10E+07
143.00 9.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.70E+07
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Table I25: Iron-adapted  Sb.  sibiricus  cultured in EE medium with 
40 mM nitrate present. 
 
 
 
 
Figure I25: Iron-adapted  Sb. sibiricus  cultured in EE medium with 
40 mM nitrate present. 
 
 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.55E-02 0.00E+00 0.00E+00 2.52E-03 4.77E-05 1.79E-06 1.00E+06
6.00 3.53E-02 0.00E+00 0.00E+00 2.46E-03 4.56E-05 1.66E-06 1.00E+06
13.00 3.44E-02 0.00E+00 0.00E+00 2.46E-03 3.29E-05 2.05E-06 1.00E+06
24.00 3.04E-02 0.00E+00 0.00E+00 2.47E-03 5.36E-05 2.18E-06 1.00E+06
29.50 2.85E-02 0.00E+00 0.00E+00 2.46E-03 5.09E-05 2.69E-06 2.00E+06
36.50 2.35E-02 0.00E+00 0.00E+00 2.41E-03 5.82E-05 1.92E-06 5.00E+06
47.50 1.07E-02 1.44E-06 0.00E+00 2.33E-03 1.46E-04 4.48E-06 5.00E+06
53.50 5.00E-04 5.67E-05 0.00E+00 1.82E-03 3.11E-04 4.87E-06 1.40E+07
60.50 8.00E-04 2.34E-06 0.00E+00 8.35E-04 5.47E-04 1.05E-05 1.60E+07
71.50 1.00E-03 0.00E+00 0.00E+00 2.53E-05 5.51E-05 2.82E-06 2.50E+07
77.50 1.00E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.30E+07
84.50 9.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.90E+07
95.50 1.00E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.80E+07
102.00 9.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.80E+07
119.50 9.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.40E+07
143.00 9.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.70E+07
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Table I26: Tetrathionate-adapted Sb. sibiricus cultured in EE medium with no 
nitrate present. 
 
 
 
 
Figure I26: Tetrathionate-adapted Sb. sibiricus cultured in EE medium with no 
nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.57E-02 0.00E+00 0.00E+00 2.47E-03 4.75E-05 0.00E+00 2.00E+06
5.00 3.56E-02 1.55E-06 0.00E+00 2.29E-03 9.14E-05 1.58E-06 2.00E+06
16.00 3.34E-02 4.56E-06 0.00E+00 1.03E-03 3.80E-04 5.36E-06 6.00E+06
21.25 2.46E-02 3.32E-06 0.00E+00 3.16E-05 1.65E-04 8.05E-06 2.50E+07
29.00 7.50E-03 0.00E+00 0.00E+00 2.80E-07 1.43E-06 0.00E+00 2.10E+07
39.50 3.00E-04 0.00E+00 0.00E+00 7.28E-06 3.17E-06 0.00E+00 3.50E+07
47.50 1.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.10E+07
53.00 2.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.40E+07
64.00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.90E+07
70.25 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.80E+07
77.00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.80E+07
86.50 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.30E+07
92.50 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.00E+07
111.50 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.70E+07
119.50 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.90E+07
138.50 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.40E+07
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Table I27: Tetrathionate-adapted  Sb.  sibiricus  cultured in EE medium with   
10 mM nitrate present. 
 
 
 
Figure I27: Tetrathionate-adapted  Sb. sibiricus  cultured in EE medium with   
10 mM nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.59E-02 3.21E-05 0.00E+00 2.44E-03 3.94E-05 0.00E+00 1.00E+06
5.00 3.58E-02 1.14E-05 0.00E+00 2.21E-03 1.69E-04 1.39E-06 1.00E+06
16.00 3.30E-02 7.13E-06 0.00E+00 6.34E-04 5.63E-04 7.06E-06 4.00E+06
21.25 2.61E-02 4.99E-06 0.00E+00 1.04E-05 9.64E-05 7.43E-06 2.20E+07
29.00 3.75E-03 5.70E-06 0.00E+00 2.89E-07 1.47E-06 0.00E+00 4.50E+07
39.50 3.44E-04 0.00E+00 0.00E+00 6.94E-06 1.31E-06 1.26E-07 5.00E+07
47.50 5.77E-05 0.00E+00 0.00E+00 2.60E-06 6.55E-07 0.00E+00 5.40E+07
53.00 1.07E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.10E+07
64.00 3.34E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.60E+07
70.25 2.78E-05 7.13E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.10E+07
77.00 1.61E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.10E+07
86.50 2.23E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.00E+07
92.50 1.86E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.00E+07
111.50 1.08E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.20E+07
119.50 1.04E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.40E+07
138.50 1.34E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.50E+07
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Table I28: Tetrathionate-adapted  Sb.  sibiricus  cultured in EE medium with   
20 mM nitrate present. 
 
 
 
 
Figure I28: Tetrathionate-adapted  Sb. sibiricus  cultured in EE medium with   
20 mM nitrate present. 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.64E-02 0.00E+00 0.00E+00 2.47E-03 3.34E-05 0.00E+00 1.00E+06
5.00 3.53E-02 5.91E-06 0.00E+00 2.30E-03 9.47E-05 0.00E+00 2.00E+06
16.00 3.53E-02 1.34E-05 0.00E+00 1.48E-03 3.29E-04 5.85E-06 1.00E+06
21.25 3.41E-02 2.10E-06 0.00E+00 7.53E-04 3.85E-04 3.43E-05 1.30E+07
29.00 3.01E-02 0.00E+00 0.00E+00 7.28E-06 8.55E-06 0.00E+00 3.70E+07
39.50 2.58E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.20E+07
47.50 1.97E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.00E+07
53.00 1.53E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.80E+07
64.00 4.14E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.40E+07
70.25 6.35E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.90E+07
77.00 1.79E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.40E+07
86.50 2.67E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.20E+07
92.50 1.99E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.60E+07
111.50 2.15E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.30E+07
119.50 1.92E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.80E+07
138.50 2.15E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.90E+07
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Table I29: Tetrathionate-adapted  Sb.  sibiricus  cultured in EE medium with   
30 mM nitrate present. 
 
 
 
Figure I29: Tetrathionate-adapted  Sb.  sibiricus  cultured in EE medium with   
30 mM nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.60E-02 0.00E+00 0.00E+00 2.47E-03 3.34E-05 0.00E+00 1.00E+06
5.00 3.58E-02 0.00E+00 0.00E+00 2.44E-03 5.24E-05 0.00E+00 1.00E+06
16.00 3.53E-02 3.42E-06 0.00E+00 1.93E-03 1.62E-04 0.00E+00 1.00E+06
21.25 3.52E-02 0.00E+00 0.00E+00 1.48E-03 2.42E-04 4.02E-06 4.00E+06
29.00 3.45E-02 0.00E+00 0.00E+00 2.94E-04 1.93E-04 6.70E-06 1.30E+07
39.50 3.38E-02 0.00E+00 0.00E+00 6.16E-06 2.98E-05 7.31E-07 2.40E+07
47.50 3.28E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.30E+07
53.00 3.15E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.70E+07
64.00 2.69E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.20E+07
70.25 2.11E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.30E+07
77.00 9.11E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.50E+07
86.50 4.12E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.80E+07
92.50 1.29E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.90E+07
111.50 5.91E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.40E+07
119.50 3.32E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.70E+07
138.50 3.57E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.10E+07
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Table I30: Tetrathionate-adapted  Sb.  sibiricus  cultured in EE medium with   
40 mM nitrate present. 
 
 
 
 
Figure I30: Tetrathionate-adapted  Sb. sibiricus  cultured in EE medium with   
40 mM nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.56E-02 3.34E-05 0.00E+00 2.42E-03 3.42E-05 0.00E+00 1.00E+06
5.00 3.57E-02 1.19E-05 0.00E+00 2.45E-03 4.00E-05 0.00E+00 1.00E+06
16.00 3.56E-02 7.41E-06 0.00E+00 2.40E-03 7.56E-05 2.88E-06 2.00E+06
21.25 3.55E-02 5.19E-06 0.00E+00 1.77E-03 4.27E-04 5.37E-06 1.00E+06
29.00 3.52E-02 5.93E-06 0.00E+00 3.70E-04 9.80E-04 3.33E-05 3.00E+06
39.50 3.50E-02 0.00E+00 0.00E+00 2.41E-04 2.25E-04 8.65E-06 6.00E+06
47.50 3.45E-02 0.00E+00 0.00E+00 2.71E-06 1.11E-05 1.57E-06 2.50E+07
53.00 3.44E-02 0.00E+00 0.00E+00 3.01E-07 1.51E-05 7.86E-07 2.20E+07
64.00 3.42E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.80E+07
70.25 3.41E-02 7.41E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.30E+07
77.00 3.40E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.40E+07
86.50 3.38E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.80E+07
92.50 3.18E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.90E+07
111.50 9.76E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.30E+07
119.50 6.83E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.80E+07
138.50 3.32E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.30E+07
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Table I31: Iron-adapted Sb. themosulfidooxidans cultured in EE medium with no 
nitrate present. 
 
 
 
 
Figure I31: Iron-adapted Sb. themosulfidooxidans cultured in EE medium with no 
nitrate present. 
 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.58E-02 0.00E+00 0.00E+00 2.50E-03 1.60E-05 0.00E+00 1.00E+06
17.00 3.27E-02 0.00E+00 0.00E+00 2.45E-03 5.73E-05 2.84E-06 2.00E+06
24.00 4.10E-03 4.28E-06 0.00E+00 2.43E-03 8.65E-05 6.04E-06 2.40E+07
29.50 2.00E-04 3.22E-06 0.00E+00 2.15E-03 1.65E-04 5.92E-06 3.10E+07
40.50 1.00E-04 1.01E-05 0.00E+00 1.45E-03 4.26E-04 1.75E-05 3.30E+07
46.50 1.00E-04 0.00E+00 0.00E+00 8.81E-04 6.26E-04 3.80E-05 3.90E+07
53.50 2.00E-04 0.00E+00 0.00E+00 2.09E-04 7.49E-04 7.16E-05 3.60E+07
64.50 1.00E-04 0.00E+00 0.00E+00 0.00E+00 7.00E-04 9.73E-05 6.80E+07
70.50 1.00E-04 0.00E+00 0.00E+00 0.00E+00 6.44E-04 1.06E-04 8.40E+07
77.50 1.00E-04 0.00E+00 0.00E+00 0.00E+00 5.28E-04 1.22E-04 8.90E+07
88.50 1.00E-04 0.00E+00 0.00E+00 0.00E+00 4.69E-04 1.25E-04 8.30E+07
112.00 1.00E-04 0.00E+00 0.00E+00 0.00E+00 2.53E-04 1.20E-04 8.80E+07
136.00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.99E-04 1.10E-04 7.50E+07
142.50 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.01E-04 9.54E-05 7.00E+07
164.00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.60E+07
0.00E+00
3.00E+07
6.00E+07
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Table I32: Iron-adapted  Sb.  themosulfidooxidans  cultured in EE medium with   
10 mM nitrate present. 
 
 
 
 
Figure I32: Iron-adapted Sb. themosulfidooxidans cultured in EE medium with  
10 mM nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.61E-02 0.00E+00 0.00E+00 2.50E-03 1.60E-05 0.00E+00 1.00E+06
17.00 3.61E-02 0.00E+00 0.00E+00 2.40E-03 5.51E-05 3.08E-06 1.00E+06
24.00 3.53E-02 0.00E+00 0.00E+00 2.38E-03 5.77E-05 2.71E-06 1.00E+06
29.50 2.82E-02 0.00E+00 0.00E+00 2.39E-03 6.42E-05 3.08E-06 2.00E+06
40.50 3.00E-04 1.39E-05 0.00E+00 1.23E-03 4.88E-05 2.66E-05 3.80E+07
46.50 2.00E-04 1.22E-06 0.00E+00 6.31E-04 6.37E-05 9.14E-05 3.40E+07
53.50 1.00E-04 0.00E+00 0.00E+00 1.96E-04 6.53E-04 1.18E-04 4.30E+07
64.50 3.00E-04 0.00E+00 0.00E+00 1.98E-06 6.18E-04 1.41E-04 4.60E+07
70.50 3.00E-04 0.00E+00 0.00E+00 0.00E+00 5.80E-04 1.43E-04 5.20E+07
77.50 2.00E-04 0.00E+00 0.00E+00 0.00E+00 4.88E-04 1.45E-04 4.00E+07
88.50 3.00E-04 0.00E+00 0.00E+00 0.00E+00 4.53E-04 1.97E-04 4.10E+07
112.00 3.00E-04 0.00E+00 0.00E+00 0.00E+00 2.99E-04 1.53E-04 3.80E+07
136.00 4.00E-04 0.00E+00 0.00E+00 0.00E+00 2.90E-04 1.52E-04 3.10E+07
142.50 4.00E-04 0.00E+00 0.00E+00 0.00E+00 2.23E-04 1.50E-04 2.80E+07
164.00 2.00E-04 0.00E+00 0.00E+00 0.00E+00 2.16E-04 1.43E-04 3.00E+07
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Table I33: Iron-adapted  Sb.  themosulfidooxidans  cultured in EE medium with   
20 mM nitrate present. 
 
 
 
 
Figure I33: Iron-adapted Sb. themosulfidooxidans cultured in EE medium with  
20 mM nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.62E-02 0.00E+00 0.00E+00 2.46E-03 1.60E-05 0.00E+00 1.00E+06
17.00 3.61E-02 0.00E+00 0.00E+00 2.46E-03 6.65E-05 4.56E-06 1.00E+06
24.00 3.60E-02 0.00E+00 0.00E+00 2.43E-03 5.73E-05 3.70E-06 1.00E+06
29.50 3.58E-02 0.00E+00 0.00E+00 2.47E-03 6.02E-05 3.82E-06 1.00E+06
40.50 2.62E-02 0.00E+00 0.00E+00 2.42E-03 6.60E-05 3.21E-06 9.00E+06
46.50 7.60E-03 0.00E+00 0.00E+00 2.30E-03 2.00E-04 2.59E-06 2.40E+07
53.50 2.00E-04 2.35E-06 0.00E+00 2.02E-03 3.84E-04 1.90E-05 2.30E+07
64.50 4.00E-04 4.43E-06 0.00E+00 1.14E-03 4.88E-04 4.43E-05 2.00E+07
70.50 5.00E-04 0.00E+00 0.00E+00 1.02E-03 5.86E-04 2.13E-05 1.80E+07
77.50 5.00E-04 0.00E+00 0.00E+00 8.55E-04 6.10E-04 4.81E-05 1.70E+07
88.50 5.00E-04 0.00E+00 0.00E+00 7.11E-04 6.44E-04 5.14E-05 1.40E+07
112.00 4.00E-04 0.00E+00 0.00E+00 3.14E-04 7.56E-04 6.76E-05 2.30E+07
136.00 5.00E-04 0.00E+00 0.00E+00 2.17E-04 7.69E-04 7.88E-05 2.40E+07
142.50 5.00E-04 0.00E+00 0.00E+00 9.06E-05 8.36E-04 9.76E-05 2.10E+07
164.00 4.00E-04 0.00E+00 0.00E+00 0.00E+00 8.17E-04 1.00E-04 2.30E+07
178.00 4.00E-04 0.00E+00 0.00E+00 0.00E+00 8.19E-04 1.01E-04 1.70E+07
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Table I34: Iron-adapted  Sb.  themosulfidooxidans  cultured in EE medium with   
30 mM nitrate present. 
 
 
 
Figure I34: Iron-adapted Sb. themosulfidooxidans cultured in EE medium with  
30 mM nitrate present. 
 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.62E-02 0.00E+00 0.00E+00 2.46E-03 1.60E-05 0.00E+00 1.00E+06
17.00 3.59E-02 0.00E+00 0.00E+00 2.42E-03 5.67E-05 3.82E-06 1.00E+06
24.00 3.59E-02 0.00E+00 0.00E+00 2.41E-03 5.75E-05 3.82E-06 1.00E+06
29.50 3.59E-02 0.00E+00 0.00E+00 2.42E-03 5.97E-05 4.93E-06 1.00E+06
40.50 3.55E-02 0.00E+00 0.00E+00 2.38E-03 6.47E-05 4.93E-06 1.00E+06
46.50 3.48E-02 0.00E+00 0.00E+00 2.40E-03 6.85E-05 5.92E-06 1.00E+06
53.50 2.82E-02 0.00E+00 0.00E+00 2.31E-03 7.48E-05 5.55E-06 5.00E+06
64.50 3.70E-03 3.25E-06 0.00E+00 1.77E-03 2.95E-04 8.88E-06 7.00E+06
70.50 6.00E-04 4.48E-06 0.00E+00 1.58E-03 3.65E-04 1.48E-05 1.20E+07
77.50 7.00E-04 5.32E-06 0.00E+00 1.42E-03 4.42E-04 1.96E-05 2.40E+07
88.50 8.00E-04 1.11E-06 0.00E+00 1.21E-03 5.11E-04 3.43E-05 1.90E+07
112.00 1.20E-03 0.00E+00 0.00E+00 7.64E-04 7.01E-04 6.61E-05 1.70E+07
136.00 1.40E-03 0.00E+00 0.00E+00 7.05E-04 7.14E-04 7.19E-05 2.10E+07
142.50 1.60E-03 0.00E+00 0.00E+00 5.61E-04 7.48E-04 7.52E-05 1.50E+07
164.00 6.00E-04 0.00E+00 0.00E+00 4.33E-04 7.45E-04 8.78E-05 1.70E+07
178.00 4.00E-03 0.00E+00 0.00E+00 3.47E-04 7.61E-04 9.18E-05 1.80E+07
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Table I35: Iron-adapted  Sb.  themosulfidooxidans  cultured in EE medium with   
40 mM nitrate present. 
 
 
 
 
Figure I35: Iron-adapted Sb. themosulfidooxidans cultured in EE medium with  
40 mM nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.50E-02 0.00E+00 0.00E+00 2.56E-03 1.67E-05 0.00E+00 1.00E+06
17.00 3.45E-02 0.00E+00 0.00E+00 2.46E-03 5.27E-05 3.21E-06 2.00E+06
24.00 3.44E-02 0.00E+00 0.00E+00 2.49E-03 5.84E-05 3.98E-06 1.00E+06
29.50 3.45E-02 0.00E+00 0.00E+00 2.47E-03 6.05E-05 3.47E-06 4.00E+06
40.50 3.38E-02 0.00E+00 0.00E+00 2.55E-03 7.59E-05 6.16E-06 2.00E+06
46.50 3.42E-02 0.00E+00 0.00E+00 2.53E-03 7.04E-05 4.88E-06 5.00E+06
53.50 3.38E-02 0.00E+00 0.00E+00 2.30E-03 1.09E-04 3.34E-06 2.00E+06
64.50 3.15E-02 0.00E+00 0.00E+00 2.35E-03 7.74E-05 5.91E-06 3.00E+06
70.50 2.63E-02 0.00E+00 0.00E+00 2.51E-03 8.75E-05 5.91E-06 2.00E+06
77.50 1.12E-02 0.00E+00 0.00E+00 2.25E-03 7.17E-05 3.08E-06 1.00E+06
88.50 2.50E-03 5.69E-06 0.00E+00 2.21E-03 2.63E-04 6.80E-06 3.00E+06
112.00 6.00E-04 8.32E-06 0.00E+00 1.79E-03 4.30E-04 1.31E-05 2.00E+06
136.00 6.00E-04 0.00E+00 0.00E+00 1.71E-03 4.55E-04 1.39E-05 6.00E+06
142.50 7.00E-04 0.00E+00 0.00E+00 1.68E-03 4.85E-04 1.71E-05 2.00E+06
164.00 3.00E-04 0.00E+00 0.00E+00 1.59E-03 4.90E-04 1.52E-05 3.00E+06
178.00 4.00E-04 0.00E+00 0.00E+00 1.53E-03 4.84E-04 1.64E-05 4.00E+06
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Table I36: Tetrathionate-adapted  Sb.  thermosulfidooxidans  cultured in EE 
medium with no nitrate present. 
 
 
 
 
Figure I36: Tetrathionate-adapted  Sb. thermosulfidooxidans  cultured in EE 
medium with no nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.50E-02 0.00E+00 0.00E+00 2.50E-03 1.64E-05 0.00E+00 1.00E+06
17.00 3.05E-02 0.00E+00 0.00E+00 2.47E-03 9.78E-05 1.03E-06 1.00E+06
24.00 1.00E-03 0.00E+00 0.00E+00 1.95E-03 3.10E-04 2.97E-06 1.30E+07
29.50 1.00E-04 3.67E-06 0.00E+00 1.01E-03 6.07E-04 4.58E-05 2.60E+07
40.50 0.00E+00 7.42E-06 0.00E+00 5.63E-05 7.46E-04 1.38E-04 3.20E+07
46.50 0.00E+00 0.00E+00 0.00E+00 2.97E-06 6.58E-04 1.45E-04 3.30E+07
53.50 0.00E+00 0.00E+00 0.00E+00 2.37E-06 4.14E-04 1.47E-04 2.90E+07
64.50 0.00E+00 0.00E+00 0.00E+00 4.74E-06 2.43E-04 1.32E-04 3.10E+07
70.50 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.45E-04 1.15E-04 4.40E+07
77.50 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.95E-05 8.59E-05 6.70E+07
88.50 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.91E-05 5.97E-05 9.80E+07
112.00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.35E-06 2.82E-05 8.80E+07
136.00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.41E-05 9.10E+07
142.50 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.73E-05 8.20E+07
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Table I37: Tetrathionate-adapted  Sb.  thermosulfidooxidans  cultured in EE 
medium with 10 mM nitrate present. 
 
 
 
 
Figure I37: Tetrathionate-adapted  Sb. thermosulfidooxidans  cultured in EE 
medium with 10 mM nitrate present. 
 
 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.50E-02 0.00E+00 0.00E+00 2.50E-03 1.60E-05 0.00E+00 1.00E+06
17.00 3.43E-02 0.00E+00 0.00E+00 2.50E-03 9.07E-05 2.71E-06 1.00E+06
24.00 2.20E-02 0.00E+00 0.00E+00 2.52E-03 1.02E-04 1.85E-06 2.00E+06
29.50 5.40E-03 0.00E+00 0.00E+00 2.32E-03 1.98E-04 2.09E-06 5.00E+06
40.50 1.00E-04 2.87E-06 0.00E+00 7.86E-04 7.01E-04 8.48E-05 3.00E+07
46.50 1.00E-04 7.89E-06 0.00E+00 4.44E-04 7.45E-04 1.23E-04 3.30E+07
53.50 1.00E-04 0.00E+00 0.00E+00 1.44E-04 7.29E-04 1.35E-04 3.60E+07
64.50 1.00E-04 0.00E+00 0.00E+00 1.19E-05 7.05E-04 1.51E-04 3.80E+07
70.50 2.00E-04 0.00E+00 0.00E+00 1.92E-05 7.04E-04 1.59E-04 3.60E+07
77.50 1.00E-04 0.00E+00 0.00E+00 1.33E-05 7.17E-04 1.76E-04 3.30E+07
88.50 1.00E-04 0.00E+00 0.00E+00 0.00E+00 6.00E-04 1.60E-04 2.50E+07
112.00 1.00E-04 0.00E+00 0.00E+00 0.00E+00 5.01E-04 1.66E-04 3.20E+07
136.00 1.00E-04 0.00E+00 0.00E+00 0.00E+00 4.75E-04 1.69E-04 2.20E+07
142.50 2.00E-04 0.00E+00 0.00E+00 0.00E+00 4.21E-04 1.74E-04 1.60E+07
164.00 1.00E-04 0.00E+00 0.00E+00 0.00E+00 3.58E-04 1.69E-04 1.80E+07
178.00 1.00E-04 0.00E+00 0.00E+00 0.00E+00 2.88E-04 1.48E-04 1.70E+07
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Table I38: Tetrathionate-adapted  Sb.  thermosulfidooxidans  cultured in EE 
medium with 20 mM nitrate present. 
 
 
 
Figure I38: Tetrathionate-adapted  Sb. thermosulfidooxidans  cultured in EE 
medium with 20 mM nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.50E-02 0.00E+00 0.00E+00 2.51E-03 1.67E-05 0.00E+00 1.00E+06
17.00 3.53E-02 0.00E+00 0.00E+00 2.54E-03 8.67E-05 3.59E-06 1.00E+06
24.00 3.49E-02 0.00E+00 0.00E+00 2.52E-03 9.04E-05 2.44E-06 1.00E+06
29.50 3.38E-02 0.00E+00 0.00E+00 2.51E-03 9.79E-05 3.47E-06 2.00E+06
40.50 1.12E-02 0.00E+00 0.00E+00 2.45E-03 1.41E-04 2.05E-06 9.00E+06
46.50 5.00E-04 0.00E+00 0.00E+00 1.99E-03 3.79E-04 4.62E-06 2.90E+07
53.50 2.00E-04 3.87E-06 0.00E+00 1.33E-03 5.50E-04 3.89E-05 2.20E+07
64.50 3.00E-04 1.32E-06 0.00E+00 1.05E-03 6.45E-04 4.52E-05 2.10E+07
70.50 4.00E-04 4.21E-06 0.00E+00 9.96E-04 6.85E-04 4.80E-05 2.80E+07
77.50 3.00E-04 0.00E+00 0.00E+00 7.75E-04 7.37E-04 5.01E-05 3.30E+07
88.50 4.00E-04 0.00E+00 0.00E+00 7.02E-04 8.47E-04 6.01E-05 2.50E+07
112.00 6.00E-04 0.00E+00 0.00E+00 4.19E-04 1.17E-03 8.37E-05 3.30E+07
136.00 6.00E-04 0.00E+00 0.00E+00 3.39E-04 1.24E-03 9.40E-05 1.70E+07
142.50 8.00E-04 0.00E+00 0.00E+00 1.92E-04 1.31E-03 1.02E-04 1.50E+07
164.00 3.00E-04 0.00E+00 0.00E+00 0.00E+00 1.24E-03 9.85E-05 2.00E+07
178.00 3.00E-04 0.00E+00 0.00E+00 0.00E+00 1.22E-03 9.28E-05 1.90E+07
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Table I39: Tetrathionate-adapted  Sb.  thermosulfidooxidans  cultured in EE 
medium with 30 mM nitrate present. 
 
 
 
 
Figure I39: Tetrathionate-adapted  Sb. thermosulfidooxidans  cultured in EE 
medium with 30 mM nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.50E-02 0.00E+00 0.00E+00 2.52E-03 1.70E-05 0.00E+00 1.00E+06
17.00 3.50E-02 0.00E+00 0.00E+00 2.45E-03 7.99E-06 0.00E+00 1.00E+06
24.00 3.50E-02 0.00E+00 0.00E+00 2.47E-03 8.75E-05 0.00E+00 1.00E+06
29.50 3.49E-02 0.00E+00 0.00E+00 2.44E-03 9.19E-05 3.27E-06 1.00E+06
40.50 3.42E-02 0.00E+00 0.00E+00 2.39E-03 1.06E-04 3.53E-06 1.00E+06
46.50 3.26E-02 0.00E+00 0.00E+00 2.41E-03 1.14E-04 4.97E-06 1.00E+06
53.50 2.75E-02 0.00E+00 0.00E+00 2.30E-03 1.21E-04 4.45E-06 2.00E+06
64.50 2.89E-03 7.21E-06 0.00E+00 1.94E-03 4.62E-04 7.33E-06 5.00E+06
70.50 2.20E-04 2.34E-06 0.00E+00 1.85E-03 3.11E-04 1.66E-05 8.00E+06
77.50 2.88E-04 0.00E+00 0.00E+00 1.31E-03 5.52E-04 2.87E-05 1.10E+07
88.50 3.63E-04 0.00E+00 0.00E+00 1.04E-03 6.51E-04 4.80E-05 7.00E+06
112.00 2.20E-04 0.00E+00 0.00E+00 5.98E-04 8.35E-04 7.93E-05 1.80E+07
136.00 1.43E-04 2.98E-06 0.00E+00 5.11E-04 8.96E-04 8.47E-05 1.70E+07
142.50 1.61E-04 0.00E+00 0.00E+00 3.37E-04 9.59E-04 8.92E-05 1.10E+07
164.00 1.43E-04 0.00E+00 0.00E+00 1.21E-04 9.08E-04 7.10E-05 1.30E+07
178.00 1.43E-04 0.00E+00 0.00E+00 0.00E+00 9.23E-04 7.17E-05 1.60E+07
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Table I40: Tetrathionate-adapted  Sb.  thermosulfidooxidans  cultured in EE 
medium with 40 mM nitrate present. 
 
 
 
 
Figure I40: Tetrathionate-adapted  Sb. thermosulfidooxidans  cultured in EE 
medium with 40 mM nitrate present. 
 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.50E-02 0.00E+00 0.00E+00 2.47E-03 7.35E-06 0.00E+00 1.00E+06
17.00 3.48E-02 0.00E+00 0.00E+00 2.42E-03 1.23E-05 0.00E+00 1.00E+06
24.00 3.49E-02 0.00E+00 0.00E+00 2.44E-03 1.41E-05 0.00E+00 1.00E+06
29.50 3.48E-02 0.00E+00 0.00E+00 2.42E-03 1.45E-05 0.00E+00 1.00E+06
40.50 3.47E-02 0.00E+00 0.00E+00 2.44E-03 1.65E-05 0.00E+00 1.00E+06
46.50 3.45E-02 0.00E+00 0.00E+00 2.41E-03 1.76E-05 0.00E+00 1.00E+06
53.50 3.42E-02 0.00E+00 0.00E+00 2.40E-03 2.72E-05 1.23E-06 1.00E+06
64.50 3.41E-02 0.00E+00 0.00E+00 2.42E-03 2.88E-05 3.08E-06 0.00E+00
70.50 3.38E-02 0.00E+00 0.00E+00 2.35E-03 3.36E-05 0.00E+00 2.00E+06
77.50 3.37E-02 0.00E+00 0.00E+00 2.38E-03 3.77E-05 4.06E-06 1.00E+06
88.50 3.34E-02 0.00E+00 0.00E+00 2.38E-03 4.83E-05 3.81E-06 1.00E+06
112.00 3.29E-02 0.00E+00 0.00E+00 2.36E-03 5.77E-05 0.00E+00 1.00E+06
136.00 3.25E-02 0.00E+00 0.00E+00 2.34E-03 5.46E-05 0.00E+00 2.00E+06
142.50 3.19E-02 0.00E+00 0.00E+00 2.32E-03 4.99E-05 0.00E+00 0.00E+00
178.00 3.17E-02 0.00E+00 0.00E+00 2.30E-03 5.32E-05 0.00E+00 0.00E+00
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Table I41: Iron-adapted  A.  brierleyi  cultured in EE medium with no nitrate 
present. 
 
 
 
 
Figure I41: Iron-adapted  A. brierleyi cultured in EE medium with no nitrate 
present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.35E-02 0.00E+00 0.00E+00 2.50E-03 1.24E-05 2.91E-06 1.00E+06
5.50 3.32E-02 2.35E-06 0.00E+00 2.51E-03 1.73E-05 2.91E-06 2.00E+06
20.50 3.18E-02 2.35E-06 0.00E+00 2.45E-03 3.08E-05 5.82E-06 1.00E+06
29.50 3.04E-02 4.70E-06 0.00E+00 2.35E-03 3.99E-05 3.74E-06 1.00E+06
44.50 2.71E-02 0.00E+00 0.00E+00 2.26E-03 5.07E-05 7.48E-06 2.00E+06
53.50 2.37E-02 0.00E+00 0.00E+00 2.24E-03 6.53E-05 3.74E-06 3.00E+06
68.50 1.52E-02 0.00E+00 0.00E+00 2.11E-03 7.18E-05 3.74E-06 2.00E+06
77.50 9.42E-03 0.00E+00 0.00E+00 2.00E-03 7.50E-05 4.99E-06 7.00E+06
92.50 2.76E-04 0.00E+00 0.00E+00 1.57E-03 1.92E-04 4.99E-06 2.40E+07
99.50 1.90E-04 4.70E-06 0.00E+00 6.39E-04 1.60E-04 9.97E-06 4.00E+07
118.50 1.03E-04 2.35E-06 0.00E+00 0.00E+00 0.00E+00 1.62E-05 5.40E+07
144.50 8.68E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.80E+07
164.50 5.97E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.10E+07
178.00 2.72E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.90E+07
0.00E+00
3.00E+07
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Table I42: Iron-adapted A. brierleyi cultured in EE medium with 10 mM nitrate 
present. 
 
 
 
 
 
 
Figure I42: Iron-adapted A. brierleyi cultured in EE medium with 10 mM nitrate 
present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.35E-02 0.00E+00 0.00E+00 2.37E-03 2.10E-05 4.99E-06 1.00E+06
5.50 3.32E-02 0.00E+00 0.00E+00 2.40E-03 1.89E-05 2.91E-06 1.00E+06
20.50 3.19E-02 0.00E+00 0.00E+00 2.26E-03 3.99E-05 6.23E-06 1.00E+06
29.50 3.10E-02 0.00E+00 0.00E+00 2.26E-03 2.59E-05 6.23E-06 4.00E+06
44.50 2.95E-02 0.00E+00 0.00E+00 2.29E-03 2.27E-05 7.48E-06 1.00E+06
53.50 2.82E-02 0.00E+00 0.00E+00 2.18E-03 5.51E-05 5.40E-06 4.00E+06
68.50 2.53E-02 0.00E+00 0.00E+00 2.09E-03 6.58E-05 1.25E-05 1.00E+06
77.50 2.34E-02 0.00E+00 0.00E+00 2.11E-03 7.07E-05 2.58E-05 2.00E+06
92.50 1.92E-02 0.00E+00 0.00E+00 2.21E-03 9.71E-05 1.39E-05 2.00E+06
99.50 1.73E-02 0.00E+00 0.00E+00 2.18E-03 9.88E-05 1.58E-05 6.00E+06
118.50 8.95E-03 5.60E-06 0.00E+00 1.79E-03 1.09E-04 7.06E-06 2.30E+07
144.50 8.95E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.60E+07
164.50 6.62E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.80E+07
178.00 4.00E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.70E+07
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3.00E+07
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Table I43: Iron-adapted A. brierleyi cultured in EE medium with 20 mM nitrate 
present. 
 
 
 
 
Figure I43: Iron-adapted A. brierleyi cultured in EE medium with 20 mM nitrate 
present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.37E-02 0.00E+00 0.00E+00 2.43E-03 8.26E-06 0.00E+00 1.00E+06
5.50 3.36E-02 0.00E+00 0.00E+00 2.39E-03 1.10E-05 0.00E+00 1.00E+06
20.50 3.32E-02 0.00E+00 0.00E+00 2.41E-03 1.67E-05 6.70E-06 2.00E+06
29.50 3.27E-02 0.00E+00 0.00E+00 2.35E-03 2.97E-05 8.32E-06 1.00E+06
44.50 3.21E-02 0.00E+00 0.00E+00 2.28E-03 3.15E-05 1.11E-05 1.00E+06
53.50 3.14E-02 0.00E+00 0.00E+00 2.24E-03 4.44E-05 1.03E-05 0.00E+00
68.50 3.09E-02 0.00E+00 0.00E+00 2.18E-03 4.03E-05 1.67E-05 1.00E+06
77.50 3.02E-02 0.00E+00 0.00E+00 2.15E-03 4.78E-05 2.05E-05 0.00E+00
92.50 2.95E-02 0.00E+00 0.00E+00 2.17E-03 5.12E-05 2.23E-05 0.00E+00
99.50 2.93E-02 0.00E+00 0.00E+00 2.12E-03 5.99E-05 2.54E-05 0.00E+00
118.50 2.85E-02 0.00E+00 0.00E+00 2.02E-03 4.87E-05 3.09E-05 0.00E+00
144.50 2.80E-02 0.00E+00 0.00E+00 1.95E-03 6.78E-05 4.01E-05 0.00E+00
164.50 2.76E-02 0.00E+00 0.00E+00 1.90E-03 8.99E-05 4.43E-05 0.00E+00
178.00 2.75E-02 0.00E+00 0.00E+00 1.89E-03 7.15E-05 6.71E-05 0.00E+00
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Table I44: Iron-adapted A. brierleyi cultured in EE medium with 30 mM nitrate 
present. 
 
 
 
 
Figure I44: Iron-adapted A. brierleyi cultured in EE medium with 30 mM nitrate 
present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.35E-02 0.00E+00 0.00E+00 2.45E-03 9.30E-06 0.00E+00 2.00E+06
5.50 3.32E-02 0.00E+00 0.00E+00 2.44E-03 1.19E-05 0.00E+00 1.00E+06
20.50 3.24E-02 0.00E+00 0.00E+00 2.41E-03 1.76E-05 0.00E+00 1.00E+06
29.50 3.20E-02 0.00E+00 0.00E+00 2.36E-03 2.30E-05 7.81E-06 2.00E+06
44.50 3.16E-02 0.00E+00 0.00E+00 2.37E-03 2.43E-05 1.12E-05 0.00E+00
53.50 3.08E-02 0.00E+00 0.00E+00 2.31E-03 3.45E-05 0.00E+00 0.00E+00
68.50 3.01E-02 0.00E+00 0.00E+00 2.26E-03 4.01E-05 0.00E+00 1.00E+06
77.50 2.97E-02 0.00E+00 0.00E+00 2.23E-03 4.33E-05 2.03E-05 0.00E+00
92.50 2.86E-02 0.00E+00 0.00E+00 2.17E-03 4.12E-05 1.98E-05 0.00E+00
99.50 2.79E-02 0.00E+00 0.00E+00 2.15E-03 5.21E-05 2.34E-05 0.00E+00
118.50 2.71E-02 0.00E+00 0.00E+00 2.16E-03 5.39E-05 3.01E-05 0.00E+00
144.50 2.68E-02 0.00E+00 0.00E+00 2.08E-03 6.01E-05 2.99E-05 0.00E+00
164.50 2.64E-02 0.00E+00 0.00E+00 2.02E-03 6.32E-05 4.01E-05 0.00E+00
178.00 2.62E-02 0.00E+00 0.00E+00 1.94E-03 6.72E-05 3.51E-05 0.00E+00
0.00E+00
3.00E+07
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Table I45: Iron-adapted A. brierleyi cultured in EE medium with 40 mM nitrate 
present. 
 
 
 
 
Figure I45: Iron-adapted A. brierleyi cultured in EE medium with 40 mM nitrate 
present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.35E-02 0.00E+00 0.00E+00 2.43E-03 0.00E+00 0.00E+00 1.00E+06
5.50 3.33E-02 0.00E+00 0.00E+00 2.44E-03 0.00E+00 0.00E+00 1.00E+06
20.50 3.32E-02 0.00E+00 0.00E+00 2.41E-03 1.30E-05 0.00E+00 1.00E+06
29.50 3.28E-02 0.00E+00 0.00E+00 2.35E-03 1.56E-05 2.08E-05 2.00E+06
44.50 3.14E-02 0.00E+00 0.00E+00 2.28E-03 1.90E-05 2.65E-05 0.00E+00
53.50 3.09E-02 0.00E+00 0.00E+00 2.24E-03 2.01E-05 0.00E+00 0.00E+00
68.50 3.01E-02 0.00E+00 0.00E+00 2.19E-03 2.67E-05 3.01E-05 0.00E+00
77.50 2.96E-02 0.00E+00 0.00E+00 2.13E-03 2.93E-05 3.22E-05 1.00E+06
92.50 2.90E-02 0.00E+00 0.00E+00 2.10E-03 3.09E-05 3.56E-05 2.00E+06
99.50 2.86E-02 0.00E+00 0.00E+00 2.02E-03 3.53E-05 4.01E-05 0.00E+00
118.50 2.74E-02 0.00E+00 0.00E+00 2.05E-03 4.01E-05 3.27E-05 0.00E+00
144.50 2.65E-02 0.00E+00 0.00E+00 1.98E-03 4.58E-05 5.31E-05 0.00E+00
164.50 2.62E-02 0.00E+00 0.00E+00 1.97E-03 6.17E-05 4.54E-05 0.00E+00
178.00 2.53E-02 0.00E+00 0.00E+00 1.93E-03 5.52E-05 4.67E-05 0.00E+00
0.00E+00
3.00E+07
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Table I46: Tetrathionate-adapted  A.  brierleyi  cultured in EE medium with no 
nitrate present. 
 
 
 
 
Figure I46: Tetrathionate-adapted A. brierleyi cultured in EE medium with no 
nitrate present. 
 
 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.43E-02 0.00E+00 0.00E+00 2.54E-03 3.29E-05 9.28E-06 2.00E+06
19.50 3.25E-02 0.00E+00 0.00E+00 1.66E-03 2.05E-04 3.12E-05 9.00E+06
27.00 3.07E-02 0.00E+00 0.00E+00 9.22E-04 2.79E-04 3.59E-05 2.70E+07
43.50 2.28E-02 2.39E-06 0.00E+00 2.13E-05 1.26E-05 0.00E+00 4.80E+07
52.00 1.86E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.00E+07
68.00 1.20E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.80E+07
75.50 8.50E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.40E+07
91.50 1.84E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.40E+07
98.00 2.85E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.30E+07
117.00 1.22E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.50E+07
163.50 1.06E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.70E+07
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3.00E+07
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Table I47: Tetrathionate-adapted A. brierleyi cultured in EE medium with 10 mM 
nitrate present. 
 
 
 
 
Figure I47: Tetrathionate-adapted A. brierleyi cultured in EE medium with 10 mM 
nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.48E-02 0.00E+00 0.00E+00 2.43E-03 3.12E-05 8.86E-06 2.00E+06
19.50 3.27E-02 0.00E+00 0.00E+00 2.09E-03 1.11E-04 1.65E-05 4.00E+06
27.00 3.15E-02 2.20E-06 0.00E+00 1.61E-03 1.74E-04 3.04E-05 1.70E+07
43.50 2.51E-02 0.00E+00 0.00E+00 3.95E-04 1.46E-04 3.16E-05 4.00E+07
52.00 2.01E-02 3.45E-06 0.00E+00 6.78E-06 4.38E-06 3.80E-06 3.10E+07
68.00 1.12E-02 3.19E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.20E+07
75.50 7.04E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.10E+07
91.50 1.42E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.40E+07
98.00 1.09E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.80E+07
117.00 1.17E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.10E+07
163.50 1.42E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.00E+07
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Table I48: Tetrathionate-adapted A. brierleyi cultured in EE medium with 20 mM 
nitrate present. 
 
 
 
 
Figure I48: Tetrathionate-adapted A. brierleyi cultured in EE medium with 20 mM 
nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.40E-02 0.00E+00 0.00E+00 2.48E-03 3.45E-05 9.70E-06 3.00E+06
19.50 3.25E-02 0.00E+00 0.00E+00 2.28E-03 8.28E-05 1.43E-05 4.00E+06
27.00 3.15E-02 7.43E-06 0.00E+00 2.02E-03 1.05E-04 1.94E-05 9.00E+06
43.50 2.78E-02 2.54E-06 0.00E+00 1.25E-03 1.32E-04 2.49E-05 2.10E+07
52.00 2.42E-02 0.00E+00 0.00E+00 7.75E-04 1.30E-04 2.78E-05 1.70E+07
68.00 1.58E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.00E+07
75.50 1.34E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.60E+07
91.50 1.23E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.40E+07
98.00 1.34E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.40E+07
117.00 1.49E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.80E+07
163.50 1.40E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.00E+07
178.50 1.39E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.90E+07
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Table I49: Tetrathionate-adapted A. brierleyi cultured in EE medium with 30 mM 
nitrate present. 
 
 
 
 
Figure I49: Tetrathionate-adapted A. brierleyi cultured in EE medium with 30 mM 
nitrate present. 
 
 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.49E-02 0.00E+00 0.00E+00 2.51E-03 6.47E-05 1.22E-05 1.00E+06
19.50 3.28E-02 0.00E+00 0.00E+00 2.31E-03 7.02E-05 1.52E-05 3.00E+06
27.00 3.16E-02 1.44E-06 0.00E+00 2.19E-03 9.26E-05 1.35E-05 2.00E+06
43.50 2.91E-02 5.43E-06 0.00E+00 1.69E-03 1.28E-04 1.98E-05 1.40E+07
52.00 2.71E-02 7.21E-06 0.00E+00 1.40E-03 1.38E-04 2.15E-05 1.10E+07
68.00 2.19E-02 0.00E+00 0.00E+00 3.75E-04 9.15E-05 1.90E-05 1.70E+07
75.50 1.92E-02 0.00E+00 0.00E+00 5.81E-06 3.84E-06 2.53E-06 2.00E+07
91.50 1.86E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.40E+07
98.00 1.92E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.30E+07
117.00 2.10E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.70E+07
163.50 1.89E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.20E+07
178.50 1.85E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.50E+07
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Table I50: Tetrathionate-adapted A. brierleyi cultured in EE medium with 40 mM 
nitrate present. 
 
 
 
 
Figure I50: Tetrathionate-adapted A. brierleyi cultured in EE medium with 40 mM 
nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.43E-02 0.00E+00 0.00E+00 2.50E-03 3.92E-05 1.05E-05 2.00E+06
19.50 3.33E-02 0.00E+00 0.00E+00 2.47E-03 6.09E-05 1.34E-05 4.00E+06
27.00 3.28E-02 0.00E+00 0.00E+00 2.38E-03 7.02E-05 1.38E-05 3.00E+06
43.50 3.16E-02 0.00E+00 0.00E+00 2.31E-03 9.79E-05 1.42E-05 6.00E+06
52.00 3.09E-02 0.00E+00 0.00E+00 2.28E-03 8.16E-05 1.76E-05 5.00E+06
68.00 2.96E-02 0.00E+00 0.00E+00 2.29E-03 8.70E-05 2.47E-05 3.00E+06
75.50 2.95E-02 0.00E+00 0.00E+00 2.26E-03 9.03E-05 2.81E-05 1.00E+06
91.50 2.91E-02 0.00E+00 0.00E+00 2.25E-03 9.35E-05 3.85E-05 9.00E+06
98.00 2.89E-02 0.00E+00 0.00E+00 2.23E-03 1.14E-04 5.28E-05 7.00E+06
117.00 2.84E-02 0.00E+00 0.00E+00 2.22E-03 1.08E-04 7.70E-05 6.00E+06
163.50 2.68E-02 0.00E+00 0.00E+00 2.20E-03 1.11E-04 6.53E-05 1.00E+07
178.00 2.54E-02 0.00E+00 0.00E+00 2.17E-03 1.19E-04 7.10E-05 1.20E+07
0.00E+00
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Table I51: Iron-adapted M. hakonensis cultured in EE medium with no nitrate 
present. 
 
 
 
 
 
 
Figure I51: Iron-adapted M. hakonensis cultured in EE medium with no nitrate 
present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.56E-02 0.00E+00 0.00E+00 2.50E-03 2.26E-05 5.94E-06 1.00E+06
7.00 3.55E-02 0.00E+00 0.00E+00 2.41E-03 5.24E-05 1.02E-05 1.00E+06
21.50 3.47E-02 0.00E+00 0.00E+00 2.42E-03 3.64E-05 7.21E-06 3.00E+06
29.50 3.34E-02 0.00E+00 0.00E+00 2.32E-03 1.64E-04 2.50E-05 6.00E+06
45.50 3.40E-03 0.00E+00 0.00E+00 2.48E-03 9.87E-05 2.55E-06 2.10E+07
55.00 3.00E-04 0.00E+00 0.00E+00 2.06E-03 3.24E-04 8.36E-05 4.10E+07
70.50 1.00E-04 0.00E+00 0.00E+00 6.49E-04 4.45E-04 1.52E-04 4.20E+07
78.00 1.00E-04 0.00E+00 0.00E+00 5.06E-04 5.15E-04 1.93E-04 4.80E+07
93.50 1.00E-04 0.00E+00 0.00E+00 4.39E-05 2.02E-04 2.37E-04 7.60E+07
106.50 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.70E+07
113.25 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.60E+07
132.00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.80E+07
159.00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.90E+07
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Table I52: Iron-adapted M. hakonensis cultured in EE medium with 10 mM nitrate 
present. 
 
 
 
 
Figure I52: Iron-adapted  M. hakonensis cultured in EE medium with 10 mM 
nitrate present. 
 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.55E-02 0.00E+00 0.00E+00 2.43E-03 8.82E-05 1.27E-05 1.00E+06
7.00 3.55E-02 0.00E+00 0.00E+00 2.27E-03 1.43E-04 2.63E-05 1.00E+06
21.50 3.48E-02 0.00E+00 0.00E+00 2.30E-03 4.58E-05 1.36E-05 1.00E+06
29.50 3.45E-02 0.00E+00 0.00E+00 2.24E-03 6.45E-05 1.44E-05 1.00E+06
45.50 3.32E-02 0.00E+00 0.00E+00 2.27E-03 6.62E-05 1.19E-05 1.00E+06
55.00 3.19E-02 0.00E+00 0.00E+00 2.20E-03 7.55E-05 1.44E-05 2.00E+06
70.50 2.09E-02 0.00E+00 0.00E+00 2.32E-03 1.00E-04 1.49E-05 9.00E+06
78.00 9.60E-03 0.00E+00 0.00E+00 2.17E-03 1.46E-04 1.19E-05 2.10E+07
93.50 3.00E-04 0.00E+00 0.00E+00 2.05E-03 2.08E-04 2.25E-05 2.80E+07
106.50 3.00E-04 0.00E+00 0.00E+00 1.36E-03 3.18E-04 4.67E-05 2.20E+07
113.25 4.00E-04 0.00E+00 0.00E+00 1.32E-03 3.37E-04 5.22E-05 1.90E+07
132.00 4.00E-04 0.00E+00 0.00E+00 1.10E-03 3.93E-04 6.79E-05 1.80E+07
159.00 2.00E-04 0.00E+00 0.00E+00 1.09E-03 4.92E-04 9.80E-05 1.40E+07
178.00 1.00E-04 0.00E+00 0.00E+00 1.10E-03 4.97E-04 1.03E-04 1.60E+07
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Table I53: Iron-adapted M. hakonensis cultured in EE medium with 20 mM nitrate 
present. 
 
 
 
 
Figure I53: Iron-adapted  M. hakonensis cultured in EE medium with 20 mM 
nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.55E-02 0.00E+00 0.00E+00 2.53E-03 8.42E-06 1.03E-05 1.00E+06
7.00 3.52E-02 0.00E+00 0.00E+00 2.54E-03 1.33E-05 1.11E-05 1.00E+06
21.50 3.49E-02 0.00E+00 0.00E+00 2.49E-03 1.24E-05 9.87E-06 1.00E+06
29.50 3.43E-02 0.00E+00 0.00E+00 2.45E-03 2.49E-05 1.38E-05 1.00E+06
45.50 3.32E-02 0.00E+00 0.00E+00 2.30E-03 2.92E-05 2.03E-05 1.00E+06
55.00 3.29E-02 0.00E+00 0.00E+00 2.31E-03 3.36E-05 2.22E-05 2.00E+06
70.50 3.25E-02 0.00E+00 0.00E+00 2.29E-03 4.32E-05 3.02E-05 1.00E+06
78.00 3.28E-02 0.00E+00 0.00E+00 2.27E-03 6.03E-05 2.67E-05 0.00E+00
93.50 3.16E-02 0.00E+00 0.00E+00 2.26E-03 6.46E-05 3.01E-05 1.00E+06
106.50 3.06E-02 0.00E+00 0.00E+00 2.23E-03 7.22E-05 2.77E-06 0.00E+00
113.25 2.96E-02 0.00E+00 0.00E+00 2.21E-03 6.34E-05 3.65E-05 0.00E+00
132.00 2.87E-02 0.00E+00 0.00E+00 2.19E-03 6.78E-05 4.45E-05 0.00E+00
159.00 2.77E-02 0.00E+00 0.00E+00 2.17E-03 8.39E-05 5.43E-05 0.00E+00
178.00 2.62E-02 0.00E+00 0.00E+00 2.16E-03 7.32E-05 6.32E-05 0.00E+00
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Table I54: Iron-adapted M. hakonensis cultured in EE medium with 30 mM nitrate 
present. 
 
 
 
 
Figure I54: Iron-adapted  M. hakonensis cultured in EE medium with 30 mM 
nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.56E-02 0.00E+00 0.00E+00 2.53E-03 6.03E-06 0.00E+00 1.00E+06
7.00 3.55E-02 0.00E+00 0.00E+00 2.51E-03 7.03E-06 0.00E+00 2.00E+06
21.50 3.48E-02 0.00E+00 0.00E+00 2.51E-03 9.55E-06 9.03E-06 1.00E+06
29.50 3.43E-02 0.00E+00 0.00E+00 2.46E-03 1.03E-05 1.54E-05 1.00E+06
45.50 3.39E-02 0.00E+00 0.00E+00 2.39E-03 2.02E-05 2.05E-05 0.00E+00
55.00 3.31E-02 0.00E+00 0.00E+00 2.34E-03 2.56E-05 2.22E-05 1.00E+06
70.50 3.20E-02 0.00E+00 0.00E+00 2.32E-03 3.44E-05 1.76E-05 1.00E+06
78.00 3.19E-02 0.00E+00 0.00E+00 2.25E-03 3.89E-05 3.40E-05 2.00E+06
93.50 3.12E-02 0.00E+00 0.00E+00 2.21E-03 4.32E-05 2.59E-05 0.00E+00
106.50 3.02E-02 0.00E+00 0.00E+00 2.17E-03 5.31E-05 4.04E-05 0.00E+00
113.25 2.92E-02 0.00E+00 0.00E+00 2.14E-03 5.51E-05 3.78E-05 0.00E+00
132.00 2.79E-02 0.00E+00 0.00E+00 2.09E-03 6.03E-05 6.03E-05 0.00E+00
159.00 2.68E-02 0.00E+00 0.00E+00 2.04E-03 6.22E-05 3.33E-05 0.00E+00
178.00 2.59E-02 0.00E+00 0.00E+00 1.99E-03 6.63E-05 5.99E-05 0.00E+00
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Table I55: Iron-adapted M. hakonensis cultured in EE medium with 40 mM nitrate 
present. 
 
 
 
 
Figure I55: Iron-adapted  M. hakonensis cultured in EE medium with 40 mM 
nitrate present. 
 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.56E-02 0.00E+00 0.00E+00 2.53E-03 1.92E-05 0.00E+00 1.00E+06
7.00 3.55E-02 0.00E+00 0.00E+00 2.53E-03 2.03E-05 0.00E+00 2.00E+06
21.50 3.48E-02 0.00E+00 0.00E+00 2.54E-03 4.32E-05 0.00E+00 1.00E+06
29.50 3.43E-02 0.00E+00 0.00E+00 2.44E-03 3.29E-05 0.00E+00 1.00E+06
45.50 3.34E-02 0.00E+00 0.00E+00 2.41E-03 3.96E-05 0.00E+00 2.00E+06
55.00 3.29E-02 0.00E+00 0.00E+00 2.36E-03 4.33E-05 0.00E+00 3.00E+06
70.50 3.24E-02 0.00E+00 0.00E+00 2.32E-03 4.21E-05 0.00E+00 1.00E+06
78.00 3.17E-02 0.00E+00 0.00E+00 2.28E-03 5.03E-05 0.00E+00 1.00E+06
93.50 3.12E-02 0.00E+00 0.00E+00 2.24E-03 5.52E-05 0.00E+00 0.00E+00
106.50 3.03E-02 0.00E+00 0.00E+00 2.18E-03 6.01E-05 0.00E+00 0.00E+00
113.25 2.94E-02 0.00E+00 0.00E+00 2.14E-03 5.54E-05 0.00E+00 1.00E+06
132.00 2.88E-02 0.00E+00 0.00E+00 2.09E-03 5.01E-05 0.00E+00 0.00E+00
159.00 2.82E-02 0.00E+00 0.00E+00 2.05E-03 6.85E-05 0.00E+00 0.00E+00
178.00 2.72E-02 0.00E+00 0.00E+00 2.03E-03 7.02E-05 0.00E+00 0.00E+00
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Table I56: Tetrathionate-adapted M. hakonensis cultured in EE medium with no 
nitrate present. 
 
 
 
 
Figure I56: Tetrathionate-adapted M. hakonensis cultured in EE medium with no 
nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.59E-02 0.00E+00 0.00E+00 2.49E-03 8.23E-06 0.00E+00 1.00E+06
17.50 3.56E-02 0.00E+00 0.00E+00 2.52E-03 1.26E-05 1.24E-06 4.00E+06
24.00 3.19E-02 0.00E+00 0.00E+00 2.41E-03 3.78E-05 2.49E-06 6.00E+06
30.50 2.21E-02 0.00E+00 0.00E+00 2.47E-03 7.18E-05 2.36E-06 4.00E+06
41.50 5.11E-03 5.34E-06 0.00E+00 2.13E-03 3.47E-04 3.36E-06 2.90E+07
47.25 4.68E-04 7.31E-06 0.00E+00 1.57E-03 5.78E-04 6.46E-06 3.50E+07
54.50 1.94E-04 9.86E-06 0.00E+00 6.11E-04 7.26E-04 2.92E-05 4.40E+07
65.50 1.88E-04 0.00E+00 0.00E+00 1.02E-04 3.73E-04 8.28E-05 3.80E+07
71.50 2.15E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.30E+07
78.50 1.25E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.10E+07
90.00 1.17E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.00E+07
95.00 1.13E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.20E+07
102.50 1.81E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.30E+07
113.50 1.13E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.80E+07
137.50 8.02E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.10E+07
164.50 9.19E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.60E+07
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Table I57: Tetrathionate-adapted  M.  hakonensis  cultured in EE medium with   
10 mM nitrate present. 
 
 
 
Figure I57: Tetrathionate-adapted  M. hakonensis cultured in EE medium with   
10 mM nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.59E-02 0.00E+00 0.00E+00 2.49E-03 1.65E-05 0.00E+00 1.00E+06
17.50 3.59E-02 0.00E+00 0.00E+00 2.41E-03 3.28E-05 0.00E+00 4.00E+06
24.00 3.46E-02 0.00E+00 0.00E+00 2.44E-03 3.33E-05 1.24E-06 2.00E+06
30.50 3.12E-02 0.00E+00 0.00E+00 2.41E-03 1.46E-04 3.23E-06 1.00E+06
41.50 1.96E-02 0.00E+00 0.00E+00 2.15E-03 2.45E-04 4.23E-06 6.00E+06
47.25 1.17E-02 1.57E-06 0.00E+00 1.60E-03 4.60E-04 5.84E-06 7.00E+06
54.50 7.49E-04 4.32E-06 0.00E+00 8.90E-04 6.07E-04 1.14E-05 3.00E+06
65.50 1.81E-04 3.22E-06 0.00E+00 1.46E-04 5.31E-04 2.86E-05 2.30E+07
71.50 1.69E-04 0.00E+00 0.00E+00 0.00E+00 2.42E-06 2.50E-05 2.60E+07
78.50 1.64E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.90E+07
90.00 1.38E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.20E+07
95.00 2.55E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.50E+07
102.50 2.38E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.20E+07
113.50 2.30E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.80E+07
137.50 2.82E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.10E+07
164.50 3.45E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.80E+07
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Table I58: Tetrathionate-adapted  M.  hakonensis  cultured in EE medium with   
20 mM nitrate present. 
 
 
 
 
Figure I58: Tetrathionate-adapted  M. hakonensis cultured in EE medium with   
20 mM nitrate present. 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.59E-02 0.00E+00 0.00E+00 2.49E-03 9.04E-06 0.00E+00 1.00E+06
17.50 3.56E-02 0.00E+00 0.00E+00 2.50E-03 2.45E-05 0.00E+00 3.00E+06
24.00 3.47E-02 0.00E+00 0.00E+00 2.41E-03 2.70E-05 0.00E+00 6.00E+06
30.50 3.16E-02 0.00E+00 0.00E+00 2.07E-03 1.61E-04 1.24E-06 2.00E+06
41.50 2.03E-02 4.59E-06 0.00E+00 1.89E-03 2.45E-04 2.61E-06 7.00E+06
47.25 1.23E-02 7.93E-06 0.00E+00 1.46E-03 3.83E-04 4.60E-06 1.70E+07
54.50 2.01E-03 0.00E+00 0.00E+00 6.76E-04 5.10E-04 1.09E-05 2.40E+07
65.50 5.92E-04 0.00E+00 0.00E+00 1.04E-04 2.70E-04 3.06E-05 1.80E+07
71.50 6.13E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.70E+07
78.50 6.55E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.40E+07
90.00 7.24E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.20E+07
95.00 6.77E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.80E+07
102.50 7.01E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.50E+07
113.50 7.74E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.60E+07
137.50 9.46E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.40E+07
164.50 1.12E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.90E+07
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Table I59: Tetrathionate-adapted  M.  hakonensis  cultured in EE medium with   
30 mM nitrate present. 
 
 
 
 
Figure I59: Tetrathionate-adapted  M. hakonensis cultured in EE medium with   
30 mM nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.59E-02 0.00E+00 0.00E+00 2.52E-03 4.20E-06 0.00E+00 1.00E+06
17.50 3.58E-02 0.00E+00 0.00E+00 2.52E-03 4.68E-06 0.00E+00 1.00E+06
24.00 3.49E-02 0.00E+00 0.00E+00 2.47E-03 8.56E-06 0.00E+00 2.00E+06
30.50 3.26E-02 7.82E+06 0.00E+00 2.12E-03 2.02E-04 2.36E-06 1.00E+06
41.50 2.30E-02 6.30E-06 0.00E+00 1.80E-03 3.08E-04 2.73E-06 6.00E+06
47.25 1.61E-02 0.00E+00 0.00E+00 8.85E-04 5.07E-04 7.46E-06 9.00E+06
54.50 7.40E-03 2.21E-06 0.00E+00 2.44E-04 4.26E-04 1.81E-05 2.60E+07
65.50 1.95E-03 0.00E+00 0.00E+00 4.00E-06 5.97E-06 9.69E-06 1.80E+07
71.50 2.01E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.40E+07
78.50 1.41E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.10E+07
90.00 8.28E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.60E+07
95.00 9.46E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.90E+07
102.50 8.56E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.50E+07
113.50 4.68E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.00E+06
137.50 1.01E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.00E+06
164.50 5.36E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.00E+06
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Table I60: Tetrathionate-adapted  M.  hakonensis  cultured in EE medium with   
40 mM nitrate present. 
 
 
 
Figure I60: Tetrathionate-adapted  M. hakonensis cultured in EE medium with   
40 mM nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.59E-02 0.00E+00 0.00E+00 2.49E-03 3.07E-06 0.00E+00 1.00E+06
17.50 3.56E-02 0.00E+00 0.00E+00 2.45E-03 5.81E-06 0.00E+00 3.00E+06
24.00 3.52E-02 0.00E+00 0.00E+00 2.49E-03 1.26E-05 0.00E+00 2.00E+06
30.50 3.41E-02 6.59E-06 0.00E+00 2.39E-03 1.21E-04 2.61E-06 1.00E+06
41.50 2.97E-02 0.00E+00 0.00E+00 2.22E-03 1.79E-04 2.24E-06 3.00E+06
47.25 2.54E-02 3.11E-06 0.00E+00 2.04E-03 2.29E-04 3.85E-06 8.00E+06
54.50 1.65E-02 4.79E-06 0.00E+00 1.54E-03 4.02E-04 4.10E-06 2.00E+06
65.50 7.61E-03 2.78E-06 0.00E+00 1.10E-03 4.81E-04 5.96E-06 5.00E+06
71.50 4.40E-03 0.00E+00 0.00E+00 3.20E-04 3.57E-04 2.77E-05 5.00E+06
78.50 1.05E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.00E+06
90.00 7.74E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.00E+06
95.00 4.53E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.00E+06
102.50 4.09E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.00E+06
113.50 9.46E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.00E+06
137.50 7.01E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.00E+06
164.50 1.50E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.00E+06
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Table I61: Tetrathionate-adapted S. metallicus cultured in EE medium with no 
nitrate present. 
 
 
 
 
Figure I61: Tetrathionate-adapted S. metallicus cultured in EE medium with no 
nitrate present. 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.47E-02 0.00E+00 0.00E+00 2.45E-03 7.68E-05 1.78E-05 1.00E+06
19.50 3.32E-02 0.00E+00 0.00E+00 2.38E-03 6.22E-05 1.08E-05 4.00E+06
27.00 3.29E-02 0.00E+00 0.00E+00 2.38E-03 7.62E-05 7.51E-06 2.00E+06
43.50 3.13E-02 1.93E-06 0.00E+00 1.94E-03 1.13E-04 1.08E-05 3.00E+06
52.00 3.04E-02 4.65E-06 0.00E+00 1.92E-03 1.61E-04 8.92E-06 5.00E+06
68.00 2.78E-02 2.89E-06 0.00E+00 9.05E-04 2.96E-04 3.99E-05 1.30E+07
75.50 2.51E-02 0.00E+00 0.00E+00 5.50E-04 2.33E-04 2.96E-05 2.60E+07
91.50 1.61E-02 0.00E+00 0.00E+00 1.51E-05 1.34E-05 8.45E-06 3.00E+07
98.00 1.23E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.90E+07
117.00 5.79E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.90E+07
163.50 1.14E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.10E+07
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Table I62: Tetrathionate-adapted  S.  metallicus  cultured in EE medium with   
10 mM nitrate present. 
 
 
 
 
Figure I62: Tetrathionate-adapted  S. metallicus cultured in EE medium with   
10 mM nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.43E-02 0.00E+00 0.00E+00 2.59E-03 2.37E-05 6.71E-06 1.00E+06
19.50 3.33E-02 0.00E+00 0.00E+00 2.53E-03 5.73E-05 1.01E-05 1.00E+06
27.00 3.28E-02 0.00E+00 0.00E+00 2.46E-03 7.29E-05 1.25E-05 2.00E+06
43.50 3.10E-02 6.58E-06 0.00E+00 2.14E-03 1.28E-04 1.73E-05 1.00E+06
52.00 2.95E-02 3.20E-06 0.00E+00 1.83E-03 1.63E-04 2.16E-05 4.00E+06
68.00 2.31E-02 4.49E-06 0.00E+00 6.72E-04 1.74E-04 3.50E-05 2.60E+07
75.50 1.95E-02 0.00E+00 0.00E+00 1.11E-04 5.54E-05 3.45E-05 3.20E+07
91.50 1.07E-02 0.00E+00 0.00E+00 1.76E-05 1.87E-06 1.34E-05 2.70E+07
98.00 6.85E-03 0.00E+00 0.00E+00 2.20E-06 0.00E+00 0.00E+00 4.40E+07
117.00 3.07E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.90E+07
163.50 3.27E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.80E+07
178.50 1.52E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.50E+06
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Table I63: Tetrathionate-adapted  S.  metallicus  cultured in EE medium with   
20 mM nitrate present. 
 
 
 
 
Figure I63: Tetrathionate-adapted  S. metallicus cultured in EE medium with   
20 mM nitrate present. 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.48E-02 0.00E+00 0.00E+00 2.60E-03 2.15E-05 7.40E-06 1.00E+06
19.50 3.32E-02 0.00E+00 0.00E+00 2.23E-03 4.92E-05 1.22E-05 1.00E+06
27.00 3.27E-02 0.00E+00 0.00E+00 2.37E-03 6.62E-05 1.57E-05 1.00E+06
43.50 3.12E-02 3.81E-06 0.00E+00 1.99E-03 1.08E-04 1.96E-05 2.00E+06
52.00 2.96E-02 0.00E+00 0.00E+00 1.72E-03 1.40E-04 2.39E-05 7.00E+06
68.00 2.34E-02 1.97E-06 0.00E+00 4.60E-04 1.06E-04 2.44E-05 1.60E+07
75.50 1.98E-02 0.00E+00 0.00E+00 2.00E-05 5.66E-06 3.92E-06 1.90E+07
91.50 1.76E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.30E+07
98.00 1.95E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.20E+07
117.00 1.89E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.70E+07
163.50 2.04E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.80E+07
178.50 2.02E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.90E+07
0.00E+00
3.00E+07
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Table I64: Tetrathionate-adapted  S.  metallicus  cultured in EE medium with   
30 mM nitrate present. 
 
 
 
 
Figure I64: Tetrathionate-adapted  S. metallicus cultured in EE medium with   
30 mM nitrate present. 
 
 
 
 
   
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.44E-02 0.00E+00 0.00E+00 2.50E-03 2.06E-05 7.72E-06 1.00E+06
19.50 3.32E-02 0.00E+00 0.00E+00 2.24E-03 4.75E-05 1.22E-05 1.00E+06
27.00 3.30E-02 0.00E+00 0.00E+00 2.18E-03 8.55E-05 1.99E-05 2.00E+06
43.50 3.18E-02 0.00E+00 0.00E+00 2.08E-03 8.39E-05 1.91E-05 1.00E+06
52.00 3.00E-02 0.00E+00 0.00E+00 1.96E-03 9.02E-05 2.03E-05 3.00E+06
68.00 2.82E-02 2.74E-06 0.00E+00 1.51E-03 1.25E-04 2.48E-05 9.00E+06
75.50 2.28E-02 2.99E-06 0.00E+00 1.37E-03 1.42E-04 2.52E-05 1.30E+07
91.50 2.07E-02 0.00E+00 0.00E+00 2.19E-04 6.70E-05 2.32E-05 1.60E+07
98.00 2.04E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.47E-06 2.00E+07
117.00 2.04E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.80E+07
163.50 1.98E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.00E+07
178.50 2.04E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.10E+07
0.00E+00
3.00E+07
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Table I65: Tetrathionate-adapted  S.  metallicus  cultured in EE medium with   
40 mM nitrate present. 
 
 
 
 
Figure I65: Tetrathionate-adapted  S. metallicus cultured in EE medium with   
40 mM nitrate present. 
 
 
Time  Ferrous Thiosulfate Trithionate Tetrathionate Pentathionate Hexathionate Cell concentration 
(hours) (M) (M) (M) (M) (M) (M) (cells mL
-1)
0.00 3.49E-02 0.00E+00 0.00E+00 2.52E-03 2.07E-05 5.44E-06 1.00E+06
19.50 3.35E-02 0.00E+00 0.00E+00 2.41E-03 5.17E-05 1.13E-05 1.00E+06
27.00 3.30E-02 0.00E+00 0.00E+00 2.50E-03 6.69E-05 1.05E-05 1.00E+06
43.50 3.19E-02 0.00E+00 0.00E+00 2.31E-03 9.19E-05 1.34E-05 2.00E+06
52.00 3.18E-02 0.00E+00 0.00E+00 2.20E-03 1.03E-04 1.93E-05 1.00E+06
68.00 3.07E-02 0.00E+00 0.00E+00 2.20E-03 1.37E-04 2.14E-05 5.00E+06
75.50 3.02E-02 0.00E+00 0.00E+00 2.18E-03 1.50E-04 2.26E-05 3.00E+06
91.50 2.93E-02 0.00E+00 0.00E+00 2.10E-03 1.87E-04 2.85E-05 1.00E+06
98.00 2.86E-02 1.67E-06 0.00E+00 1.94E-03 2.03E-04 2.76E-05 1.00E+06
117.00 2.73E-02 7.54E-06 0.00E+00 1.54E-03 2.40E-04 3.31E-05 9.00E+06
163.50 2.31E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.10E+07
178.00 2.11E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.30E+07
0.00E+00
3.00E+07
6.00E+07
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Appendix J:  Rationale for not including Sb. thermotolerans in batch cultures 
    exposed to nitrate. 
 
Sb. thermotolerans was originally obtained from the DSMZ culture collection 
in 2007.  The culture was maintained with regular purity checks until failing in 
2010.  A replacement ordered from DSMZ (prepared in 2009) failed to oxidise 
tetrathionate or other reduced sulfur compounds as the original culture did.  After 
multiple failed attempts to adapt the organism to either elemental sulfur or 
tetrathionate it was decided to pursue other facets of the work program.     
 
 
 
 
 
 
 
 
 
 
 
 
 